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ABSTRACT

A combination of field and laboratory experiments are made 1n order to expund out
knowledge of naturally ocvurring oscilfatory boundary fuvers. Chapter | describes field
observations of the development ot wive driven boundary livers at the tluid sedunent
interface.  Under the crest of the wave, this development can be deahized as an
wdentifiable sequence of three parts. The lutter parts of this development are never
observed to occur under the trough of the wuave despite similarities m wave orbital
veloctty and acceleration. [t is proposed that wave induced boundary ventilation, the
oscillatory flow through the surtace of a permeable bed. may be responsible for this
apparent developmental asymmetry.

in chapter I, a laboratory study v presented of ventlated oscillatory boundary
layers. These are boundary layers arising from a flow which oscillates parallel 1o a
permeable bed which 1s subject to oscillating percolation of the same trequency as the bed
parallel flow. Measurements of boundary layer velocities, bed stress and turbulent flow
properties are presented. 1t is observed that suction (flow into the bed) enhances the near
bed velocities and bed stress while injection (flow out of the bed) leads to a reduction in
these quantities.  As the ventilated oscillatory boundary layer experiences both these
phenomena in one full cycle. the result 1s a net stress and a net boundary layer velocity
in an otherwise symmetric flow. While production of turbulence attributable to injection
1s enhanced. the finite time required for this to occur leads to greater vertically averaged
turbulence in the suction half cycle. Turbulence generated in the suction half cycle is
maintained in a compact layer much closer to the bed. These effects appear to hold for
Re ranging from 10 to 10" and for oscillations other than sinusoidal.

Field measurements of wave driven ventilation are presented in chapter Ul The
measurements are compared against linear theory and ventilation is found to be present
and predictable if the local effective thickness of sediment is known. Ventilation is then
investigated as a possible mechanism for the maintenance of beach slope. It is shown that
when compared against net bed stresses resulting from nonlinear wave forms or bottom
wind. the ventilation induced stress asymmetry is an important mechanism for medium

1o coarse grained sediments.

o |
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Field Observations of the Fluid-Granular Boundary Layer
Under Near-Brzaking Waves

DANIEL C. CONLEY AND DOUGLAS L. INMaN

Cer-er for Coastal Studies. Scnpps Instituion of Oceanography. La Jjolia,

Callomu

Numerous synchronized ume senes from video cameras, pressure sensors. curest meiers, and hot iim
anemornelers oo paniral beaches show thai boundany layer development under the cest of near-breabung wases
can be idealized as & process composed of three distina tegimes here referted 10 as sweaking, roshing. and
plumusg. The roiling and plumusg regimes ai! o develop under the wough, As 1 consequesce. there s a
pronounced AsyMmetry 1o inFaBlancous 5304 ransport asd boundary Javer pheromena between the wave crest
a0d wough. However, laboratory waves with field scale penods and wave heighis over yun sand beds do not
evhibit this crest-wough boundary laver asymmewy, indicanng that a cnuca) element of simubitude 1s absen
in laboratory expenments. We suggesi that wave induced hoandary venulauan 15 responsible.

INTRODUCTION

Over the past several decades, copsiderable effort has becn
devoted to the siudy of cscidlatory boundary laverc i the
laboratory under widely varying conditions. However. litte work
has been done to siudy these boundary lavers under field
conditions because of logistcal difficulues. o this paner we
report op field observations of the development of the
flud-graoular  oscillatory  boundary Javer We present a
combination of quanutauve and quabtavve findings that. alihough
not fully undersiood. are recurming elements 1o the development of
the flewd-granular boundars laver 1 the field. We also attempt 10
idenufy ose aspects of hecrencal and Jaboratory work that can
be apphed to these ficld observauons.

The Stokes solution for the laminar oscillatory boundary laver
over a smooth tmpermeable bed [Lamb, 1945, p. €20] is.

2

kY

" . .
u = u_|sis(8) - [ —— M
_[ {8 - e w8 -8;)} 1

where ¢, 15 he amplitude of e free steam velocity just above
the boundary laver, 8 = (G - kx) 35 the phasc of the free stream.
is the radiaa frequency. & 15 the wave number, 8, = y2vig is the
Stokes paragoeter, : is the direction normal 1o the bed, and v is
kiperr.ic viscosity.  Using this expression, tbe lamusar shear
suess can be denved, giving

Py \"2-\‘14 é P
3.—-__.6" e sinle- -g; iy (2)

Notice that the shear stress leads the free sream velocity by 1./ 4.,
This solution bas beeo experimentally verified numerous times
{e.g., Sleath, 1968).

As is true of all turbulent flows, the problem of the turbulent
vscillatory boundary layer suffers from the classical closuse
problem. and no analyuc solution exists. On the other hand. many
models for these boundary layers bave been developed (see
Justesen {1987] for a review). and they have been the subject of
Dumerous experumental laboratory investigations, The earliest
expeniments (Bagrold, 1946 /nmon and Bower, 1962] were

Copyright 1992 by the Americas Geophysical Union.
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desizned to measure mez s guantiies where the mean was akec as
the aversge over a wave cycle. Subsequent experypents {or the
most part measured phase-averaged quanutes 1 order to idenufy
the mean bebaviur ¢ier a wave ovcle 2nd antwered gquestiong
relating 1o the range of occurrence of turbulence and the effeci of
roughpess.

Transiuon to turbulence bas been predominanty determined
throuph the use of 2 wave fncuon factor, f_. Using 2 form somilar
1o bzt sugpesied by Putnam and Johnson [193%). Jonsson [ 1963]
defined cae form of the wave fnicuon factor as

- ) : N
ra =3 foul (3)
where T 15 the amplitude of the bed suess. 1t should be noted

that this expression ooly reiates the maximum bottom suess te the
maximum velocity, regardiess of when they accur and provides no
informaten about the temporal bebavior of the botiom stress
While thus type of formulaiion may be helpful for calculabons
regarding threshold values or manimal loading, 3t 15 of lmsied
value whben information about the bouundary layer behavier
throughout the wave cycle is desuyed. The approach used here is
to ideptify a single critical oscillatory Reynoids number Re, where
the friction factors diverge from the lamunar relation as implied sp
relation (2). The idea is that like steady flow, flows wih
Reyvnolds numbers below that valve would be considered “laminar®
and thosc with higher values would be considered “turbulent.”
Because the boundary layer tnckness in oscilatory flow s pot
unambiguously defined and is difficult »f pot ympossible to
measure 1o any situation but the laboratory, we use the oscillatory
Reynolds pumber Re. based op the orbital diameter d,.
u d

Fe = (4)

Fid

where d, is taken as the value just shove the boundary layer.
Op the basis of experiments and stability spalyeis. Jonsson
{1966] proposed Re = 10" as the value for transtion between
laminar and turbulent flows in the oscillatory boundary Jayer over
a smwth bed Io 2 detsiled study of wave friction factors,
Kamphuis {1975] found this value 10 be the upper lunst for the
laminar range over a smoolb bed, Ip a reanalysis, Jonsson [ 1980)
suggests Re w 10° as the pew Jower limut for turbulence over
smooth beds.  Hino et al [1983], using 2 laser Doppler
velocumetes 1 au o measure velocity profiles through a pusely
oscillatory bousdary layer over a smoolb impermeable bed (Re =
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3x10%, parually confimed this. They reporied a turbulent
boundary laver where most turbelence producuon was o the
decelerativg pbase.  They also reperied that the turduience s
almost eptirely dissipated by the start of flow acceleranion 1o the
subsequent half-cycle. This raises guesicns about the idea of an
osaillatory boundary laver which is cozsidered to be esther parely
turbuient or purely laminar throughout the entie cycle

Jensen er ci. [1989) measured the boundary layer development
1n a0 oscillatory water noel over sooth and rough beds where Re
ranged from 7.5x}0° w0 6x10°. They showed that the boundary
layer over 3 smooth bottom could be bos laminar and turbulent
within one balf<cyvele. Their results show that the b for purely
laminar bovndary Javers is approximately Re S 10° and the lumit
for purely wrbulent boundary lavers 55 approximately Re 2 10°
This indicates that the idea of a single “erincal® Ke is
gusconceived and explains some c¢f We previously cbserved
vanaloos in tbe range of the "eriucal” value of Re.

Anctber mates of interest bas been the phase lag between the
occurrence of maximum bed stress 7, and maximum free sveam
veloaity u, . Io an oscillating water tunnel study of murbusent flow
over two-dunensional coperete ripples. Jonsson [1963) found a lag
of onl: 25 as compared with the 45" in lamipar flow. Re for
these experiments was = 6 Ox10®. The rauc of wave displacement
amphitude, @, = d./2, to Nikuradse roughoess parameter, a /&, ,
was 124, wbere &, was detcrmined by fitiog measured boundary
layer velocity profiles 1o steady flow to the relation for the
tusbulest  vejocity  profile  over a  rough boutom,
(u/u) = 573)0g(30z/ k) Here u, = (1,7 £]" is the fnclion
veloaity and 7, is the bed stress.

Sleath {1970} measured the development of the oscillatory
boundary laver over beds of loose sand 1 a wave chaonel. In
these expenuments, the bed syess T, never exceeded the threshoid
for grain mouon. He found that the measured phase for velocny
over beds of fine and medium sznd approxumately followed the
form of relauon (1). However, for coarse sand, wheie o, / & was
about 50, be reported a pbase lag which approached zero near the
bed (rather than the <3 predicied by (1) and the 25° measured by
Jonsson [1963)). Jensen er al. {1986] feund that 1o flow over a
smouoth bed the phase Jag ¢ between T_ and w1 Re dependeni.
The phase tag is 45" below a Re of 4x10% it then falls off,
attaining a value of 10° at Re = 10°. The phase continues w0 fall
off, though weakly, with Re above that value. These results aloog
with bose of Sleark {1970} suggest that the phase lag is 2 function
of Re and a, / k, and that for the values of these parameters
expected as waves near the shore, the phase will anproach zerg.

Of the aforementioned laboratory studies {Hino et al., 1983,
Jensen er al., 1989 Jonsson, 19€3. Kamphuis, 1975, Sleath, 1970}
only Jonsson mebtons asymmeuy in the oscillatory boundary
layer and. in genera), results are only presented for ope half-cycle.
All the values measured by Jensson [1963), including the free
stream velocity, exhibited asymmetry between the two oscilatory
halfcycles and be atvibuted this asymmetry to the mechanism
driving the flow,

TRANSITION AND TURBULENCE OVER A FLAT PLATE

Most authors agree that the first iostability w occur in the
laminar  houndary layer consists  of two-dimensional
Tolimien-Scbhichung (T-S) waves. These are small disturbances
that sausfly the Orr-Somerfeld lincanzed disturbance equabon.
Whea the amplitude of these waves exceeds a threshold value,
they begin 1o develop three-dimensionality. manifest by periodic
fluctuations 10 the cross-sueam direction. Al sboul this same

developmental ume, secondary short-wavelengih mstuhidines ae
exarted by these backpround fuctvatons, aud it s the exponential
growth of these secondary wsabiliues which jeads to torbulence
e g.. Londuil and Mollo Chnslernsen, 1986, Herberr, 19881 1y
sieady flow, the development of T-S waves fiom ncepuon 1o
tbree-dumensiopality ocows over a distadce spproxuniately equal
1o five T-5 waveleapibz, while the development of seoondan
instabiues and breakdows s abrupt and occwrs over cre 7§
wavelength,

Copditions for T-S wave stabulity 1o swady flow bave been
calculated by Jordinsen [1570). Using the Blasius veiocis profile,
be calcu'zted the crincal Reypolds pumber Re, as ST where
Re = u_8"/v, 8" is the displacement thickpess, and w_ 15 the free
sueam veloaity. Here entical umphes that upstatle T-S waves may
grow in flows with Reyvoolds pumbers above thus value. Jordmson
calculated the parameters for the first upstable T.S wave 1o
develop as @d" = 030, @8%u_ = Uil ¢/u_ =040, where a s
the wave gumber, O 15 the rachun frequescy. and ¢ s the pbase
speed. Using the fact bat for the Blasius profile the displacement
thuckness 1s apprexunately one-third the boundary layver tnckoess
8, this gives ss 3 sweamwise wavelength [ = T8 The imiual
cross-flow waveleogth of treedunensionabity I 35 appresumately
equal to /,. Relatve 0 the scales of turbulent movon, Wiese are
cleasty long.-wave phenomena

Cousiderable study bas been ipvested in recent vears 0o
determine the role of turbulent bursung 1o prophysical flows (see
Klne et al [1967] for a description of turbulent bursung)
Invesugators report observations of turbulent burstisg s boundary
lavers over plowed fields [Mercerer, 1972], 10 182} cumrents 1o the
Insh Sea {Heathershaw, 1874], and wn nver flow where ats
sigoature 15 said 1o be the bosls present ob he surface of the flow
{Jackson, 1976}.

Additionally, many irvestigators bave found that different
characteriscs of the bursting cycle bave roles wn different aspects
of sedument gapsport.  In umduectional flow, Weedman and
Slingerland [1985] showed what sand strcaks formed at ea fricuon
veloaty (u,< 4 cm/s) 10 fine W medium sand exhibut the same
lateral spacing and statisueal distnbution as the low speed streabs
found 10 turbulent bursting, The dimensionless spacing s* s

su

:.5_»_.‘]00::0 )

where 5 is the mean dimensional spacing of the streaks

Relatively few ficid studies of the fluid-granular oscillatory
boundary Jayer over permeable beds bave beer reporied in the
Iiterature. Jnman [1957] studied the formation of wave-generated
ripples over sand bottoms. Near the surf 20n¢, be observed ripples
of low steepness which were “epbemeral”™ in pature, forming and
disappeanng in the time scale of individual waves. Seduvent
motion dunng the presence of these npples was described as a
"desse layer of suspended parucles.” fully distinct from the
discrete clouds of sedumeot shed from the crests of vortex nipples
of more permanent form. Madsen [1974) reporis divers
observauons that the sediment bed seemingly “expiodes” yust prior
to the passage of the crest of near-breaking waves. No such
phenomenon was observed under the trough,

In s field study using a bottom profier. Dingler and Inmaon
[1976] determined the range of occurrence of these nipple tvpes in
terms of the wave form of the Shields number 8 where

[ P %)
(p,-plgD

and p, is the sediment depsity. Their results indicate that npples
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of more permanent form, vortet npples, ocour after the onset of
motion up 1o 8 = 40 Transition npples. the ephemery! apples of
Ivnan [1957). ocour for a range of Shwields number of
40 <8 <240, For values of ¢ greater than 240, the bed becomes
flat and oo nipples occur. While studies by Bagnoid 18464, Inman
and Bowen [1962], Jamen and Twnsicl {19721 and Tunsuidl and
Inman {1975) desenbe quite well the Nuud-sedument interactions
over vonex ripples af condwons characterized by the lower
Shields aumber (8540), po field swdies of we Mud-granuiar
escillatery boundary laver developmest 1o conditions of hsgh
bottom swess over permeable beds have beea reported

EXPERIMENTS
Experimeniai Procedure

ned
to wpvesugate the fluid-granular oscillatory baundwry taver i the
rezion of high botom stress {8 = 240: were conduviad adjacent
to the ocean pier of Scripps lasttution of Oveancpraphy 1n water
depths of 1 ~ 3 m. All the measurements were made just scaward
of the breakpoint of the largest waves i a zone where wave
beights were 0.5 to | m. and the slope of tae fine sand beack was
approxumately 110 530 The sand bas a median diumeter O of
about 130 um and 15 predominanty quantz with adeat 0% by
werght of Buavy cunerals. manly homblende

Sensors were mounted on 3 tnanguiw “surf spider” constucted
of welded aluminum whing with a spaving of 1 85 @ botween legs
(Figure i), The surf spider was floated into place by divers using

mn

b

asmm
Camers

Co-Granti a® BoonDary Lavik

ay bags and way securely aupured anto the bed by means of
belbical plates mounted on rods extenading through the b
The spader was oneatad wilh two legs aivog a crossshore fine

foaw legs

and the seasors were mounted W owverd interference with eacn
other and with the legs {fnman e ul, |88}

The seosers were mounted 3 plane perpepdicular W the cross
shore duecuen and spciuded a pressure seosat, a two Component
elecuomagaelhc tem; curtent meter, and wo eybadncal o0 D
probes which were mounled with a lom separston a the
lengshore and vericu! direcuions Prior o each n
were adjusted so that the bottom probe was approsumatety 1 oom
above the suil bed leve tFigure 1) In addivon, an Bomm viden
camera was ahgned and focused so that the hot film probes and
the surrounding sand bottom were in the Deld of view  Numerous
sull photegraphs were taken dunng the experunests

The pressure sensor was 3 lempuerstire cempensated Statham
model PASDS 33 absolute pressure transducer The em curren:
oicter wus 3 Massh-McBuney medel S12 OEM with 3 taeaaas,
<-

the probds

cm-diameter sphenal probe with a nearly consiant response up
to 1 O Hzo The cumest meter was placed about S0 cm above the
bed and used o mewsure the instuntaneous free stream wase
velocity  The current meter was also used in i site canhiahons
of the hot fums  The ancmomcyy was composed of T3
fncarporated model 173D consWant twmperdiure  anemometers

weiectroniy ) alvag with TSI Increporated model 121AGNSC)

led trem a3 2ome

cyhisdncai bet fim probes The probes evie
diameter support rod and could be rmsed to the same feved aathe

¥ ¥

cumrent meter for signsl compan<on of lowered o within 1 om o

Holtfum

S S S S S— |
0 S0cm

EM Current
Metsr

Fig. 1. The surf sprdec platform used for sensor deployment. The hot film package 15 mounied on a tack and pioch roller for

verucat adjustments 1o the field.

... — .
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the hed. The copvention used designates onshore flow as positve

The videc camera was a Sony V'S R-mm viden camera and was
used 10 data rups of appreximaicly 10 mwn. The video was
synchrosized with ihe data through the use of the ume signal
recorded on the video record. Pre- and postcaiibrauens indicated
tbat the video and data were synchronized o within = one frame
{1730 s).

Data from all the sensors were cabled from the surf spader up
noto the prer and recorded af 128 Hz. A rypacal section of data s
shbown 1o Figure 2. The video and sull photos were used
determine boundary laver development patterns, while the
svochronized data records were used to determine onset conditiops
and to venfy interpretations of the various panerns 1o the
devclopment of tbe fluid-grapular boundary laver.

We shall rely primarily on the June §, 1989, expeniment, which
provided the most comprebensive data se. Jor most of the
quastitative results presepted here.  Dunng this experiment,
incident waves bad 8 spectral peak T of 128 5, a significant wave
height H_ of 70 cm, acd mean water depth h of 190 cro. For
s1goificant waves, this corresponds o a Ke of 1.2 x 10%, a Shields
pumber of 260 and a ratio of {g,/ k,} = 5400. Using the results
of Jensen et al {1989, Figure 34], this correspoods o a boundary
layer thickpess of 8 = 3.0-3.1 em. Six $12.: data runs were
collected over a 2-hour period. The power spectra of cross-shore
velocites for all runs are shown in Figure 3. Supplementary
calculations pave been made from underwater photographs taken
dunog two experiments on August 8, 1985, and September 6,
1985, when T= 64,94 5. H, =69, 7l cm; and b = 120,
150 em, respectively. These correspond to Re = 0.9x10% 1.1x10%,
B « 420. 360; o /k, = 3400, 4500, and § =19-20.26-27cm.

€2

Fig I. Tvpical ume senes from Jupe & 1089, expenment Sensor outputs (10f 1o bation:T are presewre. mad-depth crets shore
‘eioaty (#m curtent meler . and bouom veloaues thot Lims) Hot film prabes | and 2 were apprenimatels ¢S emand 15 cm

30 &3 e
ECONDS

3
)

Y

Dara Analvsis

Each of the six data rups for june 5. 1989 consisted of $12 s
of data recorded at 128 Hz. Laboratory calibranens were aprhed
to the em current mew - and pressure sensor records The hot
films were cabbrated following Flick and George [1997] 1 w hose
work the em current meter 1s used as a veloary standard o DHeld
cabbraticns. From calibration runs 1o which the bot film probes
and curreot meter were at the same elevanoen 16 3 plane parallel 1o
the wave fropt, a nonlnear Lot film calibranen followsng Kiog's
Jaw was calculated by comparing the hot film and current meter
signals. Opce calibrations were applied. the hot filn records wese
derecufied, rendenng them of value for computing mesn flows as
well as instantapeous speeds. Spectra for cach rup were calculated
by eosembling coefficients <. ‘~ulated from four data blocks of
128 5.

The videos were first observed 1o their enurety in order to
develop umpressions of boundary laver development paterns
When certain events or sequences were sdenufied. the entre video
record was systematcally analyzed using stop action or frame
stepping W idenufy the points of occurrence or W measure specific
length scales. When times of occurrence were identified, cross
reference could be made with the velocity and pressize sigoals.
When events or phenomenza were observed 1o the videos but could
not be resolved with “freeze® frame, sull photographs were
employed. While sull photography provides good quanutauve
wformation about leogth scales, event speaific flow parameters
could not be obtained, as there was o synchronization between
the still camera and sensors.

The natural variabiity of wave amplitude and period resulied 1o
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widely varying condisons which sigmificantly impacted the video
records. The most dramatic effects occurred following the passage
of groups of tugher waves 1n which ciouds of suspended sedument
chscured the bottom for several wave balf <ycles, Other cycles
were rendered unusable by the presence of kelp or hecause the
wave intensity barcly exceeded the threshold of mouon. The
30725 of record from the June 5 cxpenment contaned 197
individual waves of sufficient magoitude 0 set the top layer of
sedumct D mouon 3t some point under the crest of the wave.
The number of waves 10 which the bontom was cicarly visible
througbout all aspects of tbe fluid-granular boundary Tayer
development was less.

BOUNDARY LAYER DEVELOPMENT UNDER THE WaAVE CREST
Streaking

Beginning with the flwd at rest. tbe first visual indication of the
fluid-grapvlar boundary Jayer development 15 the imuavon of
motion where grans begin 10 roll aloog the bed and theo rapidly
develop into a series of sand steaks (Figure 4).  Albough
occuming 1p appareaty laminar oscillatory flow, the streak
development resembled the sequence described by Weedman and
Shingerland {1985) for the formanop of streaks 1o fine and medium
sand uoder conditions of weak friction velocity. The strea's here
are visually manifested by the dark Lines which result whep quantz
grans (large white) are separated from homblende (small dark)
along lateral shear lipes by a sorung mechanism described by
{nman et al. [1966]. These streaks imually appear as rather long
O(10 em) and regularly spaced lines which become more
entwiped, giving an echelon or lambda-like pattern. For the
duravop of this regime, the sediment 15 10 & rolling grain or
shooting flow where some portior of the imunobilized bed is
visible and e thickpess of the layer of sediment in monon 1is

pever more than a few grawn diamneters
labeled “sveakiog ”

Visual unpressions of the particie paths of peutally buyant
ctganic matenial and secunent graws remaining n the Duid
colun from previous events sugpest that the fIow, siarting from
rest after the gerersal of mouon. s Jamica
accelerales, 31 atlains the magoitude necessary for the onset of
graig monog, &, and grans of sediment oo the surface of Bie hed
begio W roll 1o vhe sweamwise direcyon. This s guckdy fellevwed
ty the appearance of sand sueaks which can persist for the entue
talf<ycle of wave mouon when the mouon 15 weak

Apalysis of two photographs taken st umes of “no menon”
during the August 8 expenment gives 2 mean spacing for 15]
rempant streaks as 4.8 mm with 2 stasdasd devizton of 1 7 mm
The mean spacing for 69 streaks from a photograpb taken dunng
condiions of weak mouon oa the September 6 experunent was
39 mm with & standard deviauon of 1.3 mm. Using the wave
parameters for August 8 and the assumpLon that sueaking ocurs
around o = 157, the results of Jernsen et ol [1989] pive 2 tiction
veloaity of 2 cm/s. This results :n a sormalized streak spacing 5
of 89. For Seplember 6, «. = 1.2 ¢m and 5" = 43 As Wese
streaks occur duriog apparesdy lammar flow, it 15 unhikely that
they are tbe turbulent low speed sueaks observed by Weedman and
Stingerland [1585). This 1s supported by the fact that the obcerved
steak spacipg 10 our cxperuments 35 jower than that expected for
turbulent sueak spacing 1o unidwesuonal flow

This entwe repime s

As the fow

Roiling

The next regume bepins with the abrupt van: bon of the Huid
graoular boundary layer to a thicker carpet or sheet tvpe flew
(Figure 3). During this regume, the laver of sedument in meven
resembles a carpet whose surface 1s composed of 1ufis of seduneat
iaden fluid. The “tufis® seem w be regular 1o c12e with heighs
above the "at rest” bed of about 1 6 cm and spacing hetween the
wfts of about 6 cm. The result 15 a laver of sedunent 10 motien
whase easily recognized surface s fully three dumensional with
variations 1o tlevahion 1o both the cross and sreamwise directions
(Figure 5). The epuse video record from June § was analvzed in
order 1w isolate examples of this regume. Of the 197 "sigmficant”
waves 1o the record, 109 half-cycles under the crest extubited s
carpet flow. Of these, 31 had an unobstructed view of tae bollom
at the ume of vansiton. The abruptocss and clanty of this
trapsitic. 3 15 supported by the fact that repeat estumates of the onset
o, transsuen for 31 dufferent events resulted 1o a mean vanauoen of
onset ume of 3 video frames (01 s).

Under relatvely Jow amphitude. long period swell as somelmes
prevailed dunng the earbier deployments, this carpet flow can
begin 0w exbibit streamwise penodicity much hke the wales in
corduroy (Figure 6). If the flow sequence terminales with this
flow regime and the flow bas developed streamwise penodiciry
the bed exhibits trapsition ripples at the cessaton of mouon

(Figure 7). If. as was the case throughout the Juoe S expeiument,

tbe flow sequence terminates with this regume 1o the three-
dimeansional state {(Figure 5), the bed deposited is flat. We have
labeled this regune “roiling.”

Jensen e1 al {1989] defined a “temporal” frictica factor f, {c1)
The expression for this friction factor contained a phuse offsetof 274
as required by (2). Howcver, as they showed ip theu paper. this
pbase lag is a functon of Re [Jensen et al., 1989, Figure 11) 50
we propose a slighly modified temporal fncton faclor
J(or) defined by

oW

PO A, (7
(7ulsinf(al « 6)

ftor) =
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Ip the onginal expression. the phase lag © was fixed at =4 byt
here is dependent on Re and equal 10 45" for Re < 4x10 and falls
off to =8' for Fe = 107 Jensen et ol copstructed 3 plot
of f. versus Re in which turbulent Uansiuon can be seen 1o be a
fuscuon of bots pbase and Revnolds pumber. Using f° from
relation (7}, we recreate this plot 1o Figure 8. The light solid hipes
indicate how tbe friction factor at different wave phase (C1) varies
from the laminar case. Fully turbuleot flow occurs 1o the nght of
the dashed line and transitienal flow is assumed o occur 10 the
region betweep the dasbed and Jamigar fine. The identified trend
is for wansition to occur at lower phase with Jarger Reypolds
sumber.

We use tbese results to suggest that the transition from streaking
to roiling is the fluid-granular oscillatory boundary layer
expression of tbe wansiuop to turbulence. This can be seen in
Figure 9 which is s plot of the wave pbase at which the onset of
roiling occurs versus the Re of the wave ip which it occurved. In
order 1o compute Reynaids oumbers for this plot, «_ was defiped
as the peak velocity during the wave balf<ycie in which roiling
was observed. The balf-cycle was defined by subsequent zero
crossings in the velneity record, and d, was calculated by
iniegrating velocity over the balfcycle. The wave phase was
calculated as or = arcsin(w, / u_) where u, was the free sueam
velocity at opset of roiling. As can be seen, thbe transition to
roiling follows the trend of the transition to turbulence. That is,
trapsiion occurs at lower phase for higher Reynolds number. It
should also be clear from this figure that streaking, which precedes
roiling, occurs at a phase angle of 15° or Jess, It should be noted
tbat Figure 8 cotresponds 10 flows over a smooth and immobije
bed. It is bot surprising tbat transition in a flow over 3 Joose
sediment bed occurs at lower Re than that expected under the
above idealized conditions.

Of the %8 remaining waves, those with the most energetic
balf cycles uner the crest were isolated for analysis. The higbest
Re calculatc: ¢ such a flow was 2.6x10°, and 29 of 33 half-

cycles studied bad Revnolds oumbers below 2x1(¥. The lowest
Re for 8 wave 1o which roding was observed was 2 Dx10 Thas
suggests that waves 1n which roshing 15 not obverved under the
crest either eapenence transition iate m the balf-cvcle when the
wave 1s approaching deceleration or not at il
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A power spectrumn with 24 degrees of freedom (DOF) formed
from an ensemble of three bot fitm spectra 15 shown in Figure 10
These spectra were computed from data runs which were entirely
upaffecied by kelp or other types of biofouling and were fully
derectified prior to wvansforming. lospection sbows that the
spectral roll -off below 1 Hz follows the Kolmogorov -5/3 power
law, supporting the possibility of 8 turbulent inertial range. While
the wrbulence ip these boundary Jayers s intermitient. this is not
inconsistent with the -5/3 spectrum {She and Orszcg. 1991]. lo
an carlier report {/rman e1 al., 1986). it was reported that the bot
film data roll-off bad a -2 slope. but we pow believe this 10 be an
antifact resulung {rom rectfication. The bigher frequencies in
Figure 10 are poliuted by wbat is believed 10 be the natral
frequency of the frame of the surf spider (42 Hz) and by noise
from the 60-c¥cle power source.

Using the resulis of Kim or of {1971], it can be shown {eg.,
Hinze, 1975} that for steady turbulent flow, the turbulent burst
period T, scales as

T,

5

where § is the boundary laver thickness. Now if a flow over a
quasi-passive tracer i3 expenencing iurbulent bursung such that
flurd originaung at ibe tracer interface is periodically being thrust
into the free siream, one might expect 3 visual pattern of puffs of
wracer with a streamwise spacing /,, where

- s (8)

I, = uT, =58 9)

Notice how similar this is to the earlier calculated wavelength for
the most unstable T-S wave, {, = 78. Using the boundary layer

thucknesses of 3 cm piven carhier for the June 5, 1985, experument.
equation (9) would sugpest a burst spsing of =15 ¢ Anctier
indicavon of the boundwary Jayer thckness would be 1be dickoess
of the granvla-fluid Jayer. The mean thickness of &) 3} rodded
layers as measwed {tom the at rest bonom to the top of the it
surface was found W be 1.6 cm with 3 standawd devisnon o
04 cnr Usiog this as the boundary Jsyer dickoes gives a bury
spaciog of 8 cm. While these esumares of the turblient burst
spacing in 8 sleady, umduecunsal flow do pot match exactly Wi
the measwred i spacing of $-7 cm, i s certain wat the swrfsce
characier of the roded laver sugpests a provess domunsted b
ejecuon of grasular laden flud from somewdere wside the roded
layer.

The mecbasism by which ihis apparently nubulest flow
develops coberent cross-steam suuctwes as evidenced ty the
wales 10 the prasular-flwd mixiure 3o Fipute 6 35 crinnwrn
However, the appearance of coberent suctures 1 turt ulent flows
15 Ot s pew phenomenon [e.g.. Winanr and Browand, 1973} in
visual studies of a turbulent oscillatory boundary layer. Hayash
and Ohashi {1982} observed coherent large-scale vertuces with
Cross-SUCaIm axis occurrng 1n the boundary Javer just privr te \he
reversal of mouion.

Pluming

Thbe fipal regume. “pluming.” also occurs under relative'y kowm
amplitude. loog peniod waves where the roujed flow has desiioped
a penodic structure (Figure 2} At or just &fter the passage of P
wave crest whep the flow begins 1o decelerate, the 1ouled laves
explosively hfis off he bed, injecing sedumeni-laden flusd wnte the
wtertor of the fluid as high as S$-10 tumes the tosied lnver
thickness (Figwe I1). The sediment cectas then camicd by the
free streamn uoll falling out at the cessatien of moenon, Jeaving
once agamn 3 flar bed.

The mechanism involved in pluming 15 difHicult 10 13ennfv. not
only because of 1ts complexity but also hecause of the <tmgzem
condiuons apparently requised for iis occurrence.  In fact ne
examples of pluming were observed 1o e Jupe § expesiment. s
opset critena bad to be esumated from ecarher experyments
Nonesheless. as pluming was generally ohserved op the same dave
as the coberent wale.like structures in roibing. 3118 Tkely that they
are related. Most probably. pluming represents the violent breakup
of voruces 1 the advent of ap adverse pressure gradient asseciated
with the passing of the wave crest. The longitudwal vorices with
cross-sucam axis gencrated dunng the reorganizauon of roabng
appear to be pressure sensmiive apd expenence breskdown
following the advent of deceleration.

Relative Occurrence

The sequence, streaking. roiling, aod pluming, represents an
1dealized sequence which can be secn under certaip conditions but
more commonly is present only io part. For exampie, under very
jow wave copditions or deeper water, the only poruon which may
exist would be sweaking. Under more geperal condions (as
cxemplified by the June 5 experiment) with ntermediate-period
waves or incident waves with a broad specwral distnbynion, the
development generally only includes strealung and roihng where
the bottom 15 flat at the reversal of motion. This “mild” sequence
15 schematized by case A in Figure 12, In relauvely “clean” swell
the development mught be moderate including streaking and fully
developed roiling resulting 1n a bed with transsbon nipples (case B,
Figure 12). Under relauvely low amphiude, Jong pencd swell
where wale.hke structures in roiling are wel} formed, the fully
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developed sequence, steahing rothing -pluming. cecurs resa
a fat bed (case C. Figure {21 A4 fing
wtense flows characterized by a rapidiy growang
Javer 1s shown as case D i Frgwe 12
poriion of all the previous cases bl vecwrs too fapd’y Do
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BOUNDARY LAYER DEVELOPMENT UNDER THE WAVE Twul GH

The observanens of boundany laver development under the wane
vough show a stnking contast 1o that under the crest. The anitisl
stages of the boundany laver development under the tough appear

to he qualitatve!ly the same as those undet the crest. starting vith
a laminar houndary laver which leads anie the onsel of molon

foilowed by sueaking. The subsequent repumes of roding and
piuming were pever observed 10 develep under the wave wough
Iodeed. development of the granulas-fhud laver under the wough
appears 1o consist instead of a steady thickening of a granular-Iund
sheet without the abrupt vansitions to roding and pluming  The
surface of this sheet flow exhibits random fluctuaticns o
cross-stream  elevation, hut the clevanen o the
duection 1s more or less umform. In contrast to the roied Javer,
the surface of this sheet suggests the predominance of turbulent
suxing. The thickness of the granulas-finsd javer for similar free
seam velocies appears 1o he smaller under the rough than under
the crest. Jt s oot imphed that tansiion to turhulence does not
oceur voder the rough. (n the cnntrary, the visual unpressiog 1§
that the granular-flud sheet under intense conditions g5 oSt
clearly turbulent
transiuon to turbulepce, and st appears that the transiion s 3

sireamwise

Hawever, there 1s no civar demarcsuon for the
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LABORATORY ORSHEVATIONS

Followang the field chservatiens, an attempl was mode 10
recreate these grapular-fud flow regimes o the laboraiory A bed
of loose sund § ¢m deep and 225 ¢ fong was placedisa 4 S
long by 200 em wide wave channel  The surf sprder. complete
with the same wsumentavon as w the Heid studies minus the
videe cantia. was mounted 10 ine center of the ted Shaiiow
water weaves of 5.5 penods and Sl<m wave beights were
geoerated 15 water wih a depth ¢f 132 em. The bed wec filmed
with a movie camera viewing threugh a Plexsglas window whije
svachronized field
experniments. The mar: ohservation from these tesis was that no
revhing of pluming occured and tha

Py

measurements were recerded as oan ke
tany asymme!n hotween crest
and tough was not veadily appwent or couid he a'uibuted to
velocity and acceleraton asvimmetnes nhereat 1 the shallow
CAPUIUDEnts

water wave form. This 1s 16 convrast 1o eur D

. i
where waves with a sumlar Reynolds number (Ke = 28 x 100
clear’y doveloped anto roring (Figwe Y1 oand extibied the

assadiated crestyroush asvmmeun
[scrsstoN

Cither anvestgastors je g, Hones gnd Hunilev, =Rt} have

observed crest ouph asvmmetnes n the sedument yogponce and
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Fig. 12.  Schemalic drawing of four idenufiable sequences in the
development of the fluid-granulasr boundary layer under the crest of near-
brealung waves, shown i the order of increasing intensity of motion at
the interface. Dewails of case C are shows in Figure 4.

have 'tributed this behavior 0 asymmetries in the free stream
velocity and/or acceleration. However, Figure 13 indicates that
such an explanation canvot fully explain the asymmetry observed
in our experiments. A histogram of tbe maximum onshore {crest)
aod offshore (trough) velocities observed dunog the June §
experiment is showa jo Figure 13a together with the observed
range of free 1tream velocities at the onset of roiling. Clearly. the
offshore flows are got velocity limited, vet roiling did not occur.
In Figure 13b we bave plotted the maxunum oashore Eulerian
accelerations as well as the observed range of accelerations at the
ooset of roiling. For the offshore motion, we bave plotted the
observed trough aceeleration maxima for only the wave half cycles
which had free stream velocities within the observed rapge for the
onset of roiling. Again it is clear that the wough flow, when
compared W the crest, is not acceleration limited.

Many theoretical investigations [¢.g., Longuer-Higgins, 1953;
Jacobs, 1984] predict a steady mass transport in the boundary
layer beneath progressive gravity waves. While observations of
this phenomenon bave beeo made in the laboratory, there was litte
wmean boundary layer cwrent observed in our pear-breaker
experiments. The three bot film runs used © compute the
ensemble spectrum which appears in Figure 10 bad prabe heights
of 1.5 cm, 4.2 em, and 1.8 cm above the st-rest bed prior to the
start of each run. The field calibrations for these three runs had

1t
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standard deviations with respect (o the em curtent meter of 0.9,
1.2%, sod 0.9% respectively, where the values are expressed as 3
percestage of the measwed values. Tbe meas curtent over each
of the three data runs was 0.5, 2.5, and 1.9 cm/s respecuvely It
is clear from Figure 13 that mesa curreots of tus magniude are
oot sufficient o explac the asymmetury cbserved n our
experiments.

Nuterous theoreucal invesugasuoas of progressive gravity
waver propagalng over a permeable bed {Reid and Kajiura. 1957,
Packwood and Peregrine, 1980] indicate that an osciilausg flow
it ioduced in the bed and results io flow pormal © the bed swrface
under the crest and wough of the wave. This flow is the result of
the spatially varying pressured field imposed on the bed over an
entire wavelength. This ventation flow is out of the bed and inw
the fluid (njection) under the wave woughb and o the bed
(sucuon) under the crest. These studies also indicate that with
typical patural beds, the induced velocities are several orders of
magsitude smaller than the horizootal, free sueam. wave-orbital
velocities, and so any effect on the free sream velocities 15 small
On the other band, the effect of small normal flows on the
oscillatory boundary layer is not necessardy neghgible.

It has loog been knowa (see for example Tewfik [1963], Mickley
and Davis {1957), Schlichiing {1979}) that excep: for transiuonal
processes, boundary sucuoa with steady flow leads to ¢nhanced
bed suess and injecuon leads o reduced bed stress even for the
small ratios of boundary sormal to {ree stream velocity o be
expected 10 in oscullatory boundary layer over 3 sand bed. It s
also koown that suction bas the effect of stabiizning the flow,
reducing the three-dimensionality of the turbuleot boundary laver

<
HS) — - i | ot
- ™O OSSEWVD ONSTOED RAnZl FOR
e | ONSTT O #OWAC,
» |
-
< {
z
I3 i
&
3 |
]
3 i
R |
!
-50 o 50 130
MAX CRTAL VELOCTY (em/sec)
b.
L '2F w0 cesemes § OUSLMAD RanGE m aliLfRANON
€ POUNG a7 ONSE W P nC
“
o
(2]
-
”
£
~
w
e
Q
z
.
«
>
g

~-50 [+} 50 100 85
MAX ACCELERATION (cm/sec?)

200

Fig. 13. Histograms of (a) orbital velocity and (b) acceleration maxima
associated with oashore-offshore orbital moton for the field deploymeat
of Juge 5. 1989. Solid brackets indicate ranges of observed roiling onset
during onshore (crest) mouon. Dashed brackets indicate same ranges for
offshore (trough) motion,




CONLEY AND [»wns FIELD OBSERVATIONS OF FLUD-GRANULAR BOUNDARY [LaviR

and increasing the relative conuidution of large-scale coherent
structwes |Fulochier et al., 1982). Tewfik [18963] repors that
injection decreases the rate of mowth of the turbulent boundan
laver. Injecton also moves the shear maxima away from the bed
which, combined with a “law of the wall® type approxumaucn,
sugpests that under the tough sediment suspendiog turbulest
kinetic energy (TKE) 15 removed from the bed which is the sowse
of sediment. The reverse is true of sucuocs.

It3s suggested from the above that an oscillatory boundary Javer
over a permeable sand bed, alternatngly expenencing suction asd
imection under the crest and trough of the wave respecuvely,
would exhibit the following cbaracteristics. The wurbulent
boundary layer upder the tough would be expected to be slow
developing and fully bomogeneous with lttle structure. Ampy
internal dypamics within tbe boundary laver under the wough
would be obscured by strong turbulent mixing which would occur
furtber from the bed, around the displaced TKE maxima. The
sediment-mobilizing properties of the flow would be diminished
(decreased bed stress with TKE removed from the bed) which
would be reflected in thinper, less depse granular-fluid lavers.
Flow under the crest would be characterized by a more rapid and
thercfore distnct turbulest boundary layer development. The
boundary Jayer would be expecied 1o be less homogeneous,
exhibiing more structure tban uoder the trough. Sedument
mobilization would be enhanced. Such a pbenomenon would
clearly bave strong repercussions for any tvpe of modeling which
treats boundary layer deveiopment as a function of magnitude
only. For example, the concept of friction factors jn this tvpe of
situaticn would require a separate set of fricuon factors for flow
upder the crest and trough respecuively.

It should be poted that turbulent vansition under the crest which
occurs at a phase greater than 90° would be experiencing the
destabilizing affect of ap adverse pressure gradient and wouid be
expected 10 be qualitatively different thap trapsition which occurs
earlier, even though suction could sull be plaving a roll 1o
boundary layer characteristics.

For permeable beds where the thickness of the bed 15 small
relauve to the wavelength, Packwood and Peregrine [1980] show
that the ratio of vertical velocity 1o free stream velocity, w,_/u_,
under the crest of the wave is linearly proporuional to the thickness
of the permeable bed. Thus the crest-trough asymmetry observed
1 the field would pot be expected 10 be seen in a laboratory
setupg which does pot have 2 permeable bed which is eitber
reiatively deep and/or long epough to simultaneously “feel” an
epure wavelength,

All our observauons suppori ibis ibeory and a laboraiory
experiment utilizing a ventlated bed is under way in ordet to
investigate this phenomenon more closely.

CONCLUSIONS

In situ field observations bave been made of the development
of the wave-induced fluid-granular boundary layer over permeab'e
beds of loose sand. The visual record accompanied by
synchropized measurement of physical parameters leads w the
following conclusions:

1. The full fluid-grapular boundary layer development under
the crest of the wave can be divided into an identifiable three-part
sequence composed of streaking, roiling, and pluming.

2. The streaking-roiling transition is the manifestation of a
sudden Jamivar-turbylent traosition.

3. A crest-rough asymmetry in the fluid-granular boundary
layer development bas becn idenufied. This asymmetry is

independent of asymmetnes 1o the peas-bed orbstal velociy and
accelerauon and 1s thoupbt 1o be relsted w effecis of vestlsuon
1o the permeable bed.
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CHAPTER U

VENTILATED OSCILLATORY BOUNDARY LAYERS

1. INTRODUCTION

Laboratory studies of the boundary layer arising from oscillatory flow have always
treated the problem as a cyclical process composed of two purely symmetrical half cycles [eg
Jonsson, 1963; Sleath 1987]. Asymmetries occurring in the laboratory [Flick ct al, 1981] or the
field {Hanes & Huntley, 1986] have been explained by asymmetries in the fluid velocity or
acceleration inherent in shoaling waves. In a paper reporting on ficld observations of wave driven
oscillatory boundary layers over sand beds, Conley and Inman {1992] reported the obscrvation of
an asymmetry in the development of the boundary layer which could not be explained by velocity
or acceleration asymmetries in the overlying fluid. As a possible mechanism for this asymmetry,
they proposed a type of transpired boundary layer which is here called the ventilated oscillatory
boundary layer. This work reports on laboratory experiments designed to investigate the effect of
boundary ventilation on the velocities, bed stress and turbulent flow properties of the turbulent

oscillatory boundary layer.

Transpired boundary layers have practical significance in many applications and have
been the subject of studies for well over forty years [eg Libby et al, 1952; Antonia et al, 1990].
These are boundary layers which arise from a fluid flowing with velocity u parallel to a solid
permeable boundary through which a secondary fluid is flowing with velocity w. The secondary
flow through the boundary is gencrally referred to as transpiration. If the sense of transpiration is

into the overlying fluid (w > (), it is called injection or blowing. If the sensc of transpiration is
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from the fluid into the surface (w < () it is termed suction. In general the two fluids are identical
and the transpired flow is smaller in magnitude than boundary paralle! flow so that the transpira-

tion parameter V=w/u has a magnitude less than 1.

Ventilated oscillatory boundary layer is a term applicd here to the boundary layer arising
from an oscillating boundary narallel flow subject to oscillating transpiration of the same period
and shape. In this work, the dominant flow is of the form u (1) = u,,sin (Gr) and subject to tran-
spiration of the form w (1) = wy,sin(ot+0). Here ¢ = 2n/T is the radian frequency, T is the
period and ¢ is an arbitrary constant phase. Analogous to the transpiration parameter V, a flow
ventilation paramcter V shall be defined as V = Wy /Uy. The sign of V indicates whether injec-
tion (‘7 >0) or suction (\7<O) occurs concurrently with positive flow. Additionally, an instantane-
ous ventilation parameter shall be defined as V= w(t)/u(t). Through most of this work, the

phase ¢ will be O in which case V’ becomes a constant, identically equal to V.

In general boundary transpiration affects thc boundary layer velocity profile. Suction
tends to pull streamlines down closer to the bed shifting the velocity profile closer to the wall.
This results in higher shear near the bed and therefoie migher shear stress at the bed. This is
demonstrated quite clearly in a comparison of the asymptotic suction profile, an exact solution to
the Navier Stokes equations for flow over a flat plate with constant suction, and the Blasius
profile [Schlichting, 1979]. In contrast, injection results in a spreading of the streamlines near the

boundary which reduccs the ncar bed shear and the resultant bed stress.

In a study of turbulent boundary layers in steady flow over flat plates with injection,
Mickley & Davis [1957] show that the friction factor C 1 is a strong function of V and Re, where
Re, is the Reynolds number based on distance along the plate. However their results can be
shown to indicate that the ratio C¢/Cy where Cy is the friction factor with out injection, is a
strong function of V but exhibits almost no Re, dependency. The results of Simpson et al [ 1969]

show the same to be truc for steady suction on a flat plate.

|
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The asymptotic suction profile shows reduced curvature in the boundary layer velocity
profile relative to the Blasius profile [Schlichting, 1979]. This suggests that suction tends 1o sta-
bilize the flow. Analytical solutions for boundary laycrs with injection show an inflection point
in the velocity profile suggesting that injection tends to destabilize the flow. Expcriments have
shown these findings to be true not only for laminar flow but turbulent flow as well. Tewfik
(1963} demonstrated that turbulent boundary layers with injection were thicker than would be the
case without injection. It was also shown that while injection reduccs stress at the bed and
through out the inner tenth of the boundary layer, it increased it elsewhere. Antonia et al {1988]
reconfirmed that suction results in a significant reduction in turbulent velocity fluctuations u” and
w’. While investigating the effect of suction on organized motion in turbulent boundary layers,
they observed that low speed streaks in the near wall region were more persistent and that the fre-
quency of dye injections into the outer layer was reduced. This is consistent with the results of
Fulachier {1982} where the rate of turbulent production was found to decrease and the relative

contribution of large scale structures was found to increase.

Kays [1972] shows that transpired turbulent boundary layers seem to respond to local
conditions. That is a boundary layer experiencing a sudden change in injection will, following a
short period of adjustment, behave as though it had always been subject to that level of injection.
This appears to be less true for a reduction in injection than for an increase. It is also shown that
transpired boundary layers are sensitive to acceleration, the sensitivity increasing with V. No stu-

dies have been reported on the effects of transpiration in oscillatory flow.

2. EXPERIMENTAL SETUP

The experiments have been performed using the oscillatory flow tunnel (OFT) at the
Scripps Institution of Oceanography hydraulics laboratory (Figure 1). The OFT is composed of
an acrylic working section 7.0 m long which terminates in painted steel cylindrical risers at each

end. One riser acts as a reservoir and is open to the atmosphere, the other riser is scaled by a 62




c¢m diameter acrylic piston which drives the oscillating flow. The piston is controlled by a

hydraulic ram which can be programmed to respond o any electrical input. Further details of the
facility are described by King et al [1984]. For these experiments a false floor was placed in the
working section giving a tunnel cross section 39 cm wide and 28 cm deep. The test section was
created by placing a rigid, permeable floor in the center 4.25 m of the working section. This floor
was composed of fourteen 30 x 30 x 2.5 cm bricks of fused Alundum. These bricks were com-
posed of Alundum grains with a mean diameter of 250 microns which were fused under high
temperature. Prior to fircing, the bricks were pressed at high pressure. As a result, the flat sur-
faces of the rather angular grains aligned to form a smooth surface on the bricks. Roughness ele-
ments arc causcd by pores in the surface, not by protuberant grains. The mean pore size of the
intcmal pores is stated to be 180 microns. A secondary piston which was plumbed into the the

cavity below the test section was used to drive the boundary layer ventilation.

Tests were performed using a period of oscillation, T = 7 s and an orbital displacement
do of 207 cm. This results in a flow with oscillatory Reynolds number, Re. of 1.0x10® where

Re is defined by

=~ Upmd,
Re = 1
© 2v )

where U, is the maximum mass averaged velocity. The results of Jensen ct al [ 19891 have shown
that oscillatory boundary layers of this Re will be fully turbulent for phases greater than 45° and

transitional for phases greater than 15°. For the unventilated case, the boundary layer thickness

d¢ is 1.8 cm where 8g has been defined as the first level at which the vertical derivative of velo-
city vanishes at a phase of 90°. The maximum friction velocity us,, = \F:;,Tp_ is4.1 cm/fs. The
Nikuradse cquivalent roughness piamecter k; as detcrmined from boundary layer velocity
profiles was found to be 0.003 cm giving a roughness Reynolds number k3 =us,k/Vv of 1.3. The
ventilation parameter V was zcro in the control tests and ranged in magnitude from 2.5x107 10

4.x107% in other tests. The amplitude of w was calculated by assuming uniform velocity over




the test bed and distributing the volumetric displacement of the secondary piston over the enuire
test bed. Calculations indicate that uniform velocity over the test bed is a good assumption given
the manufacturers supplied permeability of 192 Darcys for the Alundum bricks. This assumption
was tested through “ye studies in which no systematic variations in the flow through the bricks

could be detected.

Three main flow parameters are presented in this work. These include the bed stress
(), fluid velocity u(z,7) and the vertical component of fluctuating velocity w’(z,2). The bed
shear stress was measured using a TSI model 1237W flush mounted hot film sensor as shown in
Figure 2. The sensor was locked into an acrylic probe holder 9.5 mm in diameter which fit
through an O-ring seal into a cylindrical acrylic sleeve of 1.8 mm wall thickness. The sleeve was
permanently epoxied into the test bed with the top of the sleeve flush with the tops of the rough-
ness elements forming the fixed surface of the Alundum bed. When inserted, the tops of the
probe and holder were level with the top of the sleeve. This arrangement allowed the shear stress
sensor to be calibrated in a scparate facility and maintain the same relationship between probe

and holder when transferred to the test facility.

The longitudinal component of velocity was measured using a TSI model 1210-20W
cylindrical hot film sensor. The probe was mounted on a sting projecting through the lid of the
OFT with the axis of the sensing element horizontal and transverse to the direction of flow. This
probe was calibrated by placing it in the tunnel center and calibrating against the tunnel mass
averaged velocity using a technique adopted from Flick & George [1990}  While the hot film
measures fluid speed, the time series was derectificd using the mass averaged fluid velocity zero
crossings as a reference. Turbulent velocity fluctuations were measured using a TSI model
1287W split film hot film. This sensor has a cylindrical sensing element composed of two halves
which are electrically insulated. This design permits decomposition of the measurements into
two components of velocity. Briefly, the magnitude of the cooling for both halves is dependent on

the magnitude of the velocity vector and the ratio of the cooling is dependent on angle the vector




makes with the plain of the splits. Operation of the sensor is discussed in [Blinco & Sandbom,

1975]. The dircctional sensitivity was cahorzted once before and after all tests while the velocity
magnitude responsc was calibrated lor every test as described for the cylindrical hot films above.
Depending on the test, data runs were of S00 or 700 scconds in duration. The tme
series collected over each run were ensemble averaged in order to determine the phase averaged
quantities. In oscillatory flows, the turbulent decomposition of a flow property §(1) has three

components. the time mean <&>., the ensemble averaged mean £(0) and the ensemble averaged

r.m.s. mean of the fluctuating quantity VE'2 (8). In a purcly oscillatory flow, the traditionally
defined time mean is identically zero. For a time series collected over N cycles of period T. the

ensemble average mean is calculated as
1 N
=—&—Z§[ot+(i—1)T] ()

7
where © iy the radian frequency % and the definition is valid for =0 to r=T. Similarly the

ensemble averaged r.m.s. mean of the fluctuating quantity is defined by
57 1 g Erery |-
£“(ot) = 1 I [é[ot + (i—l)T] - é(ot)] (3)

This decomposition is schematicized in Figure 3. Sleath [1987] and others have shown that there
was no significant im_ ovement in the consistency of the estimate of ensemb'e averaged mcan
quantites for averages of greater than S0 cy'es. The 500 s tests in this work represent 71 cycles
and the 700 ¢ tests represent 100 cycles. When discussing the phase of the oscillatory flow 6, the

convention will be used that 8=() corresponds to the negative to positive velocity zciv crossing.




3. EFFECTS OF VENTILATION

The ensemble averaged centeshine velocity for the case of no flow through the bed s
shown in Figure 4a. As can be scen from the plot, the velocity is relatively symmetric throughout
the entire cvcle. Each half cycle appears qualitatively similar tc the other hatf cycle and the
accelerating portions of cach half cvcle appear to be mirror images of the decelerating portion.
Figure 4b. is a plot of cnsembie averaged centerline acceleration. This plot reveals asymmetries
in the flow which are not obvious in the velocity. In particular it is seen that acceleration tends
towards a monotonical decrease through out the first half cycle as vould be expected in an oscil-
latory flow. This is not true for the second half cycle where periods of decreasing acceleration are

clearly present in what would be expected to be a time of monotonically increasing acceleration.

While these fluctuations don’t appear to have a big affect on fiuid velocity, it might be
anticipated that these fluctuations in pressure gradicnt would have a larger affect in the boundary
layer and on the bed stress. This seems to be born out by the resuits presented in t.gure 4c. The
solid line represents the ensemble averaged bed stress as derived from the shear stress sensor.
The bed stress in the second half cycle is much peakier than would be expected in an oscillatory
flow of this Reynolds number Re = 10°® while the first half cycle is more typical [see Jensen et al,

19891.

Jensen et al [1989] have shown that the boundary layer velocity profiles in high Rey-
nolds number flows do exhibit a logarithmic-layer from which the Nikuradse equivalent rough-
ness iength k; and the bed stress can be determined. This was found to be especially true around
the occurrence of peak free stream velocity. In order to test this in the present experiments, K
was taken as the average vaiue derived from the best fits to a logarithmic layer in the phase range
45°<02135° This value of k, was then used to calculate the bed stress through out the wave
cycle. These values are plotted as heavy dots in Figure 4¢ and as can be scen, they give a reason-

able cstimate of bed stress in the first half cycle. However when this same procedure is




performed using the roughness derived from protiles in the range 225%<62315". 1t results in a

underestimation of bed stress as can be seen by the open dots in Figure 4¢. In fuct it appears that
bed stress estimaltes based on kg derived from the tirst half cycle are better than those based solely
on second half cycle parameters. The logarithmic-layer is a consequence of the presence of
constant stress layer in the boundary laver. It is not surprising that the presence of a fluctuating
pressure gradient would disturb this constamn stress layer as evidently occurs in the sccond half
cycle. As a consequence of this anomalous behavior, the following convention is adopted
throughout the paper. When discussing bed stress, results from only the first half cycle shall be
uscd and the sense of ventilation will be alternated to provide both suction and injection during
that half cycle. The full cycle shall only be utilized when presenting velocity and turbulence
profiles. Whilc in general the bed stress results from the second wave half ¢ycle differ quantita-
tively trom the first, the conclusions arrived at in this work are qualitatively supporied by the

resuits from both half cycles.

Boundary Layer Velocity

As discussed earlier, the most direct way that suction is expected to affect the boundary
layer is to draw the velocity profile down close to the bed. In the boundary layer this results in
higher mean velocities near the bed and a greater shear at the bed. The affect of injection is
expected to be just the reverse, namely strcamlines pushed away from the bed leading to lower
mean boundary layer velocities and a reduced bed shear. This pattern is exactly what is seen in
Figure 5. This figure shows a series of boundary layer profiles at various phases throughout the
entire cycle. At each phase there are two profiles. The solid line represents the velocity profile
for the case of no ventilation and the dashed line represents the velocity profiles for V=5x10"
It is immediately obvious that even for such a small value of the ventilation parameter, the mean
velocities in the boundary layer are affected. In particular it is seen that during the occurrence of

suction (0°<8<180°) the mcan velocities throughout the boundary layer and well above it are




uniformly greater than the unventilated velocities. This fact necessitates that the shear at the bed
is greater which is in fact clear in the figure. Once again, just the reverse is true for injection
(180°<0<360°). It is even more readily evident that the mean velocities throughout the boun-
dary are lower with injection than the unventilated case and therefor the boundary shear is less

than the unventilated case.

Considering the symmetric nature of unventilated oscillatory flow, it is clear that the
above observations requirc an asymmetry in the mean boundary layer velocities for a ventilated
oscillatory boundary layer. In fact this asymmctry must be realized as a net current in the boun-
dary layer above the permeable bed. This current will be positively directed for negative V and

vise versa.

Turbulence

A contour plot of the development of Vw2 over phase and elevation is shown in Figure

6. This is for the case of no ventilation and the results are qualitatively similar to those reported
by others [see Sleath 1987]. Sleath {1987] reported that Yw’2 and Vu'? behave qualitatively the

same, so for the following discussion, it shall be assumed that the behavior of \/f'_-; is indica-
tive of wrbulent intensities in general. In gencral the maximum in turbulence intensity is seen to
occur near the bed just following the start of deceleration (90° and 270°). From this maxima the
turbulence slowly diffuses upward over phase giving the impression of an inclined plume. For
unventilated oscillatory flow, this pattern is relatively symmetrical with turbulence maxima
occurring at about the same level in each half cycle and the size, shape and inclination of the tur-
bulent plumes are the same in each case. It is also seen that the turbulence levels associated with

each half cycle return to the background level prior to the arrival of the next plume.

The effects of ventilation on the turbulent properties of the flow are shown in Figure 7.

This is a contour plot of the development of Vw2 over phase and elevation for the case of V =
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0.001. The figure shows three major effects of ventilation. The first ¢ffect is that near the bed, the

turbulence levels are higher with suction (0°<0<180°) than injection. This is observed in the

figure where the contours of \/:v;:f are one level higher for the suction half cycle than for the
injection half cycle. Second, with suction the turbulence maximum is drawn closer 10 the bed.
Finally, due to the flow stabilizing tendency of suction and the destabilizing influence of injec-
tion, the turbulent plumes have become totally distorted. In particular, the wrbulent plume ori-
ginating in the half cycle with suction is very much diminished and is contained in a thin layer
(=5mm) drawn near the bed. The turbulent plume from the injection half cycle is much enhanced,
extending higher into the flow and, consequentially, much later in the flow. This tendency is so
pronounced that it would appear that the majority of the turbulence that arises from the injection
half cycle occurs during the subsequent half cycle. The net affect of this is that a "snapshot” of
turbulence levels at constant phase would show the highest turbulence levels to occur during the

half cycle with suction!

Using a logarithmic elevation scale, the contour plot of the time history of \[w—f2 (Fig-
ure 8) shows that the previously described qualitative picture is true for V as low as -0.0005. the
lowest ventilation parameter for which data of this type was collected. In short, the turbulence
levels near the bed are enhanced for suction, the turbulent plume associated with suction is
confined close to the bed and the turbulent plume associated with injection is enhanced and per-

sists in time throughout most of the subsequent half cycle.

Bed Stress

The effect of boundary ventilation on bed stress is summarized in Figure 9. Plotted in
this figure is the ensemble averaged bed stress from 500 second runs for various ratios of the ven-
tilation parameter V. The heavy solid line is the bed stress for the case of no ventilation and

serves as the baseline for the other tests. The peak value from this curve has been used to
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normalize all the data. As can be secn in the figure, ventilation clearly affects the bed stress in
oscillatory flow with suction (V' <0) leading to increased bed stress and injection (V >0) causing
reduced bed stress. This figure shows that there is a significant stress reduction or enhancement

for ventilation parameters with magnitudes as low as 2.5x 1072,

The data from Figure 9 has been used to construct Figure 10. For cach valuc of ‘-/ the
bed stress was integrated over all positive values and normalized by the integrated bed stress for
no ventilation. These points are plotted as a function of ventilation parameter and are represented
by the open points in Figure 10. The solid line is a composite of two functions which seem to

give a good fit to the data points. Let R; represent the ratio of integrated bed stress, then for V20
Ri=e™ 4)

where a was found 1o be 403. For {/>0. R; appearcd to behave like

Ri— l

T e 5)
b+c In(V)

where b was found to be 1.506 and ¢ = .1707. While this last relation performs well for the
larger values of V, it is not defined for no ventilation and gives R;=1 for a finite value of V. For
the purposes of the figure, a straight linc has been drawn between the point at V =.00025 and V =
0.

Even in a turbulent boundary layer, viscous stresses dominate within the viscous sub-

layer. This means that the bed stress can be approximated as

1= u%‘zi 6)

if u is measured sufficiently close to the bed. It is generally accepted that the viscous sublayer is

present for z*< 5 where 27 is the dimensionless vertical coordinate defined by

UxZ
2t = v o)
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and u« is the friction velocity \IEE The lowest elevation for which velocity was measured was
at 0.01 cm which is within the viscous sublayer for all phases. It is therefore possible to calculate
a second estimate of bed stress using (7). This process has been carried out using the velocity
record at 0.01 cm and the results have been plotted on Figure 10 as filled boxes and show good

agreement with the shear stress sensor data
4. PERSISTENCE OF VENTILATION EFFECT

Iie Dependence

In order to determine the Re dependence of the effects of boundary ventilation, a series
of tests were performed in which the flow Re was varied. Using the linear relationship between

do and u,,, it can be shown that (1) is equivalent to
Re = d3o/4v. ®)

As all tests were performed using the same frequency, reductions in Iie were achieved by reduc-
ing d02 by the appropriate factor. The range over which Re was varied was determined by limits
of the physical apparatus. The largest Re (1.0x10%) represented the largest stroke which could
be safely obtained from the hydraulic ram and the smallest (1.0x10°) represented the lowest
volume of water which could be accurately pumped through the permeable bed at the V value of
11073,

Figure 11 shows the results of these tests. At each Iic the ensemble averaged mean
stress with ventilation has been integrated over one oscillatory half cycle. These values were then
normalized by the integrated bed stress for the unventilated case at the appropriate Re. These
values have been plotted as the circles and squares in Figure 11. The bars on the plots represent
95% confidence intervals and the lines are lincar least squares fits to the points. As can be seen in

the figure any Re dependence is weak as the fit to the data are essentially flat. Neither slope is
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significantly different from 0 at the 95% confidence level although the slope for suction is

significant at the 90% confidence level.

Phase Dependence

Since most of the results presented in this paper are for boundary ventilation which is in
phase with the free stream fiow, it was decided 1o test the sensitivity of the flow 1o variations in
the phase relationship between the two flows. Zero phase in this section is defined as when the
maximum magnitude of the boundary ventilation occurs simultancously with the maximum in the
free stream. Positive phase implies that that maximum ventilation occurs prior to the maximum
free stream velocity and negative phase therefore implies maximum ventilation follows the free
stream maximum. The range of phases has been restricted to £90° with separate tests for suction
and injection.

It should be noted that any phase difference between the two flows implies that each half
cycle will experience periods of both suction and injection. For that reason, it was determined
that presenting results in terms of bed stress integrated over a half cycle would not be useful and
instead results are presented in terms of maximum bed stress normalized by maximum unven-
tilated bed stress. These values are presented in Figure 12 where open circles represent the
results for suction and the squares are the values for injection. The error bars represent 95%

confidence limits calculated from the variance of the maximum stress measurements.

The simplest prediction for the effect of phase would indicate that flow history has no
role in the effect of boundary ventilation. Such a formulation would state that the only parameter
of importance is the instantancous ventilation parameter V’. This parameter can be easily calcu-
lated as the cosine of the phase times the flow ventilation parameter V. Using these values of l~/'.
the expected stress reduction or enhancement can be predicted from a plot similar to Figure 10

which is based on stress maxima rather than integrated stress. This procedure was used in

i
;
H
i
i




28

constructing the lines in Figure 12,

In a gross sense the results do appear to follow this trend. The effect of venulation is a
maximum arvund a phase of 0° and drops off to no effect (ratio = 1) at £90°. The effects are
seen not to be a critical function of phase, that is phase differences of +10° do not radically
change the effects of ventilation. In fact, the changes in bed stress over this range are not statisti-
cally different from each other. However for larger phase differences, the drop off rate is clearly
different for each quadrant and therefore warrants inspection in all quadrants. The most straight
forward behavior occurs for boundary suction with positive phase. Here the effects of ventilation
appear to follow the simple cosine response. This indicates that with a stabilized boundary layer
as exists with suction the stream lines equilibrate rapidly toward their undistu.bed state as the
level of applied suction is reduced. While not behaving as smoothly as suction with positive
phase, injection with negative phase appears 10 also follow the cosine behavior. It is important to
recall the sequence in the development of the boundary layer for this case. In particular the half
cycle starts with suction occurring in the boundary which switches at some point to injection. We
have already seen (above) that the boundary layer will quickly respond to the reduction of suction
so the tendency for the bed stress to follow the cosine response implies that, when applied to a
stable or unventilated boundary layer, the response time for shear reduction due to injection is

small with respect to the time scales of the flow.

The behavior of injection with positive phase contrasts strongly with the above descrip-
tions. In fact the only resemblance that the effect of boundary injection with positive phasc has
to cosine response is that the stress ratio does retum to one at 90°. Figure 12 illustrates that
stress reduction due 10 injection grows at phases greater than 0° even though the instantaneous
ventilation parameter is decreasing. To understand this behavior it is important once again to
consider the time history of the boundary layer. In this situaticn, the boundary laycr has experi-
enced boundary injection for the entire half cycle prior to the occurrence of maximum stress. The

maximum injection rate occurs prior to the occurrence of maximum stress which occurs during a
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time of decreasing injection. With this scenario in mind, it appears that the spreading of boun-
dary layer strcamlines induced by boundary injection is resistant to readjustment. In fact the
slight tendency for increased stress reduction with phase suggest that once a level of spreading is
developed, it can be maintained by smalier ventilation flows than originally present. In contrast to
compressed boundary layer which appear to readjust immediately to changing conditions, boun-
dary layer spreading appears to be resistant to readjustment. This result is fully consistent with

results for steady flow subject to changing transpiration.

This interpretation seems to be validated by the results for boundary suction with nega-
tive phase. In this quadrant, the half cycle commences with boundary injection leading to boun-
dary layer spreading. With the onset of suction, the stream lines are indeed drawn closer to the
bed leading to greater bed stress for greater suction, but the level of bed stress enhancement never
manages to attain the level it does working on a boundary layer which was not initially subject to

injection.

Sensitivity to Velocity Asymmetry

In order to test how sensitive the effects of boundary ventilation are to the shape of the
free stream velocity, a series of experiments were performed with an asymmetrical velocity
waveform, a plot of which is shown in Figure 13. This waveform was taken from a time series of
orbital velocities beneath near breaking waves in the ocean. This particular wave was chosen due
1o it’s strong asymmetry, seven second period and the similarity of its flow parameters to the
oscillatory wave forms generally employed in this study. The orbital displacement distance d
for this form was 182 cm. The maximum orbital velocity was 111 cm/s. Using (1) this give a Re

of 1.0x10°.

A series of runs were carried out to test the affects of boundary ventilation on this

waveform. In these tests the exact same wave form was used to drive the ventilation velocity as
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was used to drive free stream velocity and no phase difference was imposed. It should be under-
stood that all suction results come from the peaked high velocity portion of the waveform (crest)
and all injection results come from the flat low velocity portion of the waveform (trough). Once
again, the integrated bed stress for each sub cycle, normmalized by the unventilated integrated bed
stress for the appropriate sub cycle is plotted as the open symbols in Figure 13. The solid curve is
the same one plotted in Figure 10. It can be scen from this figure that in general shape has an
insignificant affect on the effects of boundary suction. Shape does seem to have some affect on
the effect of injection, particularly for larger values of V. This can be understood from the dis-
cussion in the previous section. It can be seen that the flat profile of the low velocity section
leads 1o injection approaching its maximum value early in the sub cycle and then maintaining that
value for a significant portion of the sub cycle. It seems likely that injection in this case would
result in flow streamlines which exhibit a higher mean separation over the course of the longer
duration sub cycle than would be expected with a more sinusoidal profile. This would result in

greater bed stress reduction as is seen in the figure.

5. DISCUSSION

The results of these experiments show that the ventilated oscillatory boundary layer
exhibits behavior which could have been qualitatively predicted from knowledge of the manner
in which transpiration affects steady boundary layers. The importance of these effects can take on
a larger significance in the oscillating case than they would appear to in the steady case. This can
be demonstrated by considering the change in the boundary layer velocity profile. In an oscilla-
tory boundary layer where the velocities in one half cycle are just the negative of the velocities in
the second half cycle, the net velocity over one full cycle is identically zero. However in a ven-
tilated oscillatory boundary layer where suction leads to higher velocities drawn nearer to the bed
while injection causes a spreading of the velocity profile with lower velocities near the bed, a net

velocity results in the boundary layer. The sense of this velocity is in the direction of the

I
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oscillatory flow which is subject to suction.

A mean net boundary layer velocity has been determined for the values of V for which
velocity profiles where measured. This was done by integrating the mean velocity profiles over a
height of 2 8 (3.6 cm) where 8y was defined earlier. This vertically averaged mean velocity was
then integrated over an entire cycle to arrive at the mean vertically averaged net velocity herein
called the ventilation current <v >,. These values have been plotted in Figure 14. The line in

Figure 14 is a lcast squares fit for the relaticn <u >,/U, = q\7". The best fit was found to be
~ 106
<U>, /U, =4.64x|V|"". 9
In this relation, the sign of <u >, is opposite the sign of V.

While the bed experiences no net stress in a purely oscillatory boundary layer, there is a
net bed stress with ventilation. This net stress is a consequence of the bed stress reduction duc to
injection and the bed stress enhancement due to suction. When the two half cycles are averaged
together they result in a net bed stress. Figure 1S shows the net bed stress due 10 a ventilated
oscillatory boundary layer as a function of V. Here the results of Figure 9 have been used to con-
struct this plot. The points in Figure 14 represent the integrated difference in the bed stress
between the bed stress with suction and the bed stress with injection normalized by twice the
integrated unventilated bed stress. These points therefor represent the mean net stress over an
entire period as a percentage of the mean gross stress for the unventilated case. The solid line in
the figure is straight line interpolation between the points. The dashed line is a linear fit 10 the
first three values for ventilation which was forced to go through the origin. It appears that for

small ventilation (‘750.001). the net stress can be approximated by the linear relation
<T>,/< |1, | > = —420xV. (10)

Notice that this relation suggests that a 1% net stress is obtained with a ventilation parameter as

small as 2.4x10731 It should again be obscrved that the direction of this net stress is in the

I
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direction of the oscillating flow experiencing suction.

It is worthwhile to consider the importance these results may hold for geophysical situa-
tions. Reid & Kajiura [1957] as well as others have shown that a gravity wave traveling through
a fluid medium over a permeable matrix will induce boundary ventilation. It can be shown that
for geophysically reasonable permeabilities, the ventilation parameter V will not exceed 1x107>
and that phase differences between u and w will be O (5°) or less. This means that in general
wave driven ventilated boundary layers will produce a mean boundary current in the direction of
wave advance and with a magnitude which can be determined through a knowledge of ‘7 A net
stress in the direction of wave advance will be induced, with a magnitude which can be predicted
by (10). These phenomena will be R~e independent over an order of magnitude of F're as shown in
Figure 11. Over the expected range of phase separation between the wave potential flow and
boundary ventilation, phase would not be expected to significantly alter these results. While
gravity waves are not expected to exhibit a sinusoidal profile and will develop inherent asym-
metries, the results of Figure 13 indicate that for low values of V the flow will still exhibit the

above discussed behavior.

This study shows that ventilated oscillatory boundary layers will develop net boundary
velocity as well as net bed stress even in the absence of any other asymmetry. This result has
obvious implications for studies of transport in such flows. The implications of the asymmetry in
turbulence is not so obvious to predict. Figure 7 shows quite clearly that the majority of the tur-
bulence throughout the cycle, originates from the injection half cycle. Yet how this would affect
the transport of some quantity is far from clear, If transport is approximated by the product of
suspension and local velocity and the level of suspension is proportional to the instantaneous tur-
bulence levels, the argument can be made that transport would once again be in the direction of
flow during suction. This can be understood by examining Figure 16. This figure gives a time
history of the vertically averaged turbulence levels present in Figure 7. This figure which imparts

no information about history clearly shows that the maximum ventically averaged turbulence
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levels occur during the suction half cycle. By the above assumptions, transport duc 1o turbulent
suspension would be in the direction of flow during suction even in the absence of other asym-
metries. As suspended transport under waves is a more complicated phenomenon than simple
instantaneous averages the above scenario may be wholly inaccurate. However it does help to

demonstrate the possible ramifications these findings have for suspended transport.

6. CONCLUSIONS

A laboratory experiment was performed to test the affect of boundary ventilation on the
mean velocities, turbulent flow characteristics and bed stresses in an oscillatory boundary layer.

The results of these experiments lead to the following conclusions:

1. Boundary suction causes flow streamlines 1o be pulled toward the bed, leading to higher
velocities near the bed, while injection lead to streamline spreading and reduced near bed veloci-

ties. This effect results in a mean near bed flow in the direction of the flow experiencing suction.

2. The enhanced velocity shear near the bed during suction resulted in increascd bed stress

while the reduced shear during injection results in diminished bed stress.

3. The above affects are shown to be strong functions of the ventilation parameter V. The
bed stress is shown to be independent of Re for the range of Re tested. It is also shown that
phase dependence is small for small phase differcnces between u and w. The effects of suction
were insensitive to waveform shape while the effects of injection increased with increasing length

of the injection sub-cycle. This tendency was negligible for small values of {/

4. Boundary ventilation lcads to a strong asymmetry in flow turbulence. Enhanced tur-

bulent fluctuations are maintained in a thin layer near the bed with suction and turbulent diffusion
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is reduced. Away from the bed turbulence levels are enhanced by injection leading to greater iur-
bulcnt d.ffusion initiated during injection. 'The result of these elfects is enhanced vertically aver-

aged turbulence levels during suction.

Acknowledgements. This study was funded bv ihe office of Naval Research, Coastal Sci-
ences under grant NOO(O14-89-J-1060 with the University of California, San Diego. We are dee-
ply indebted to Robert Guza for his insightful comments and suggestions through out the experi-
ments. Aid in instrumentation and facilities preparation was provided by Charles Coughran,
John Powell, Mike Kirk and Domin10 Goyena and others at the Scripps Institution of Oceanogra-

phy hydraulics laboratory.




wasAs Jurdum

d vonvmuaa Liepunoq pue paq 1sar sjquattsad Furaoys [suuny mop K1019[]1950 Y1 JO INEUWIAYDS .} 2§y

&/ # 7

;AEZYNTREM=ZZ_X .

e AN /

Ve wasks uoljejiusa S

T i g%?iffi,

.

(E (=R

= paq pasjey peq sjqeausad jsuybens Bo_u\
,,./I_.W._ / Japuho uy \4. S
uojsid jo Aemejn) s1ajaw 1|0Alasay
4 0

[ e
wel ajjneipAy




s
A6y
4

Flush Mounted Shear Stress Sensor

|
Probe top view
.
Se€ 013

e
o °
Sideview -

Flow

7R
g Porous Bed
| Probe sleeve —Y "O" ring seals ®
i
E Probe holder—* 3| Setscrew
> €3mm
-9.5mm—> L
€——13mm
Figure 2: Schematic of the Hush mounted hot film shear stress sensor showing
emplacement technique. Insert shows face of probe.
L
L




37

ANVA

— I
u(ct) = N Eu

| {ot +(i—l)T]

::'—Z'(ct)z—-l—-g{u[ow(i—l)T]—17(01)]2 M

N-1;

i=

Figure 3: Schematic representation of the turbulent decomposition or an oscillating
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Figure 10:

VENTILATION PARAMETER (w/u)

Time averaged ventilated bed stress vs injection parameter V. Values are
normalized by time averaged unventilated bed stress. Averages are for first
half cycle. Brackets represent 95% confidence interval based on repeated
estimates of ensemble averaged quantity. Variance is assumed to be a con-
stant fraction of measurement. Circles are for V<0 and boxes are for V0.
Solid boxes represent estimates based on du/dz over the bottom (.01 cm.
Solid line 1s from equation (4) and equation (5).
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Re (u,d,/2v)

Time averaged ventilated bed stress vs Re. Values are normalized by time
averaged unventilated bed stress. Averages are for one half cycle. Lines
represent least squares fit to points. Brackets are 95% confidence interval
(See Figure 10 for discussion of computation).
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Phase of w relative to u (¢)

Maximum ventilated bed stress values normalized by maximum unven-
tilated bed stress as a function of ventilation phase ¢. Open circles are for
suction, open boxes are for injection. Solid lines are expected response
assuming instantaneous response. Brackets represent 95% confidence
interval based on variance of ensemble averaged estimate.
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Figure 13:  Time averaged ventilated bed stress vs injection parameter V for asym-
metric wave form (symbols). The line represents results for a symmetrical
wave form (from Figure 10). Values are normalized by time averaged
unventilated bed stress. Averages are over one half cycle. The peaked half
cycle for V<O and flat half cycle for V>0. Brackets represent 95%
confidence interval based on repeated estimates of ensemble averaged
quantity. Variance is assumed to be a constant fraction of measurement.
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Figure 150 Average net ventilated bed stress as a percentage of average gross unven-

tluted bed stress vs V. Dashed line is linear fit to points for V<Ix107.
Brackets are 95% confidence interval.
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CHAPTER 111
L |
WAVE DRIVEN VENTILATION IN SAND BEDS
L |
1. INTRODUCTION
|
Any beach which is composed of sediments of a non local origin stands as an incontro-
vertible proof of the existence of a shoreward directed force opposing the constant down slope
and hence seaward pull of gravity. The source of this forcing has long been recognized to be the o
waves which shoal and dissipate on these beaches but the mechanism through which these waves
generate this forcing is the subject of much discussion. The role that wave driven ventilation may
play in this process is investigated in this study. ol
A surface gravity wave traveling in a fluid overlying a permeable bed has been predicted
to induce an oscillating flow in that bed [Putnam, 1949; Reid & Kajiura, 1957]. This
phenomenon was originally of interest 10 coastal engineers and scientists because it was proposed ol
as a mechanism for the dissipation of wave energy prior to breaking. More recently Conley and
Inman [1992] labeled this type of phase locked oscillatory flow in the bed "ventilation”, and sug-
gested that boundary layer phenomenon associated with ventilation could explain an asymmetry ol
which they observed in the development of fluid granular boundary layer under waves. This
work rcports on field observations of wave driven ventilation, compares the observations to
theory and discusses the importance of ventilation in nearshore processes. ol
L |
53
L |
|
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2. VENTILATION THEORY

In the most basic treatment of this problem we consider a fluid of depth £ overlying a
bed of thickness b (Figure 1) [e.g. Putnam, 1949]. The bed is assumed to be homogencous with
permeability K and to overlay an impermeable substrata. Flow within the bed is assumed to fol-

low Darcy’s law so that

Up= =, Wp= (1)

where u;, and wy, are the vertical and horizontal flow in the bed respectively, p,, is pressure in the
bed and U is the viscosity of the pore fluid. Now substituting equation (1) into the continuity reia-

tion gives

o%p, N o*py

=0 )
ox? 0z2

Equation 2 must be solved subject to the following boundary conditions

Pe=p@:z=0 3)
and

wy=0@ z =~b. @)
Here p is the pressure in the fluid. From linear wave theory it is known that

cosh (kz)

Losaz) - 5
cosh k) £05 (1) )

p =pag

where a is the wave amplitude, k = 2r/L is the wave number, 0 = 2n/T is the wave radian fre-
quency and L and T are the wavelength and period respectively. The solution for (2) which

satisfies (3) and (4) is

___pag  coshlk(z+b)] B )
b= Cosh k) cosh ) 08 (G1=kx). ®

From (1) and (6) we can sce that flow is induced in the bed by the pressure ficld associated with
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the wave and that the vertical ventilation will be of the form

w _ ~K _agk _ sinhlk(z+b)]
b=V cosh(kh)  cosh(kb)

cos (Gt—kx). @)

This flow is an oscillating fiow into and out of the bed and is phase locked to the wave pressure
such that maximum flow into the bed (wp <0) occurs under the crest of the wave and maximum
flow out of the bed occurs under the trough of the wave (Figure 2). A similar relationship exists

between vertical ventilation wy, and the horizontal wave orbital motion in the fluid u, where

k cosh(kz)

= —kx). 8
B cosh ) <O (O ®)

Comparison of (7) and (8) shows that for linear progressive waves maximum ventilation into the
bed occurs simultaneously with maximum horizontal orbital motion under the crest (onshore
orbital motion) and maximum ventilation out of the bed occurs simultaneously with maximum
offshore directed orbital motion. Because orbital velocities and ventilation are in phase, the ratio

wp/uis aconstant. At the fluid bed boundary (z =0), this ratio is

2o _ K s tanh b, ©)
U Vv

Here v = /p is the kinematic viscosity. Inspection of (9) suggests the relative magnitudes of
wp and u. In particular, for common wave frequencies in the nearshore, Gtanh (kb) will be
assumed to be about 1. Darcys law is generally assumed valid where the grain Reynolds number,
Re, =wyD/v. is O (1) or less where D is the grain diameter. It is reasonable to make u=10?
cm/s, then with v=.0lcm?fs, (9) gives wp = 10*xK. Using this in the Re, limit gives
KD oy = 107%cm®. Krumbein and Monk [1942] have shown that the permeability in sands is

proportional to the square of the mean grain diameter. Explicitly,

K =7.6x102D 213100 (10)

where D is in cm and O, is the deviation measure in phi units. The result is permeability in cm?.
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Approximating this relation as K = 1074D? the Re, limit is now D?,m = 107%2cm?. Inorderto
determine the largest value (9) could take, we shall let D,Znax = 10~ cm? which when combined
with (10) and (9) tells us that wp/u is O (10‘3 ) or less. Notice that the above discussion indi-
cates that (1) will be valid for grain sizes on the order of mm and smaller. This is consistent with

the findings of Gu and Wang [1991} and others.

3. EXPERIMENTAL PROCEDURE AND RESULTS

Using the order of magnitude arguments mentioned above for K and v, it can be seen
from (1) that the vertical pressure gradient in the bed is expected to be O (1()3 ) times the ventila-
tion. It was therefore decided that ventilation in field conditions could best be determined from
measurements of the vertical pressure gradient in the bed. The procedure was to bury a differen-
tial pressure sensor in a sand bed with the pressure ports separated in the vertical direction (Fig-
ure 3). Such an arrangement results in a steady pressure differential equal to the hydrostatic head
between the two ports as well as a fluctuating component which is dircctly proportional 1o the
ventilation. Pressure gradients due to the slope of the wave are effectively filtered out as there is

no scparation of the ports in the crosshore direction.

The experiment was performed on 20 and 21 August 1992 near the Scripps Institution of
Oceanography pier. A Setra model 228-1 differential pressure sensor with a port separation of 10
cm was buried in the sand bed. The top port was placed 6 cm below the sand water interface. A
Marsh-Mcbimey model 512 two component electromagnetic (em) current meter and a Setra
model 280 absolute pressure sensor were placed in the water column directly above the buried
sensor. Data was collected at 8 Hz over a two and ong half hour run. Five runs were made span-
ning an entire tidal cycle with mean water depth ranging from 290 1o 340 cm. The local
significant wave height ranged from 50 - 66 cm at a pcak wave period of 6.5 s. Sand in the top of
the bed had a mean grain diameter of 180 microns with a Gy of 0.55. This gives a pcrmceability

of 12 Darcys (10x1078cm?) using (10). Cores were taken at the instrument burial site during the

S

L. . ®
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experiment and were later subject 10 a hydrostatic head in order to determine the permeability by
direct measurement. This technique gave a permeability of 11 Darcys which is the value used in

this work.

Figure 4 shows a typical section of time scries. The top trace represents sea surface
cievation as measured by the absolute pressure sensor, the middle trace is crosshore orbital
motion (&) 46 cm above the bed as measured by the em current meter and the bottom trace is ven-
tilation as calculated from the differential pressure sensor measurements. It is seen that ventila-
tion is present and behaves qualitatively as predicted by (7). In particular maximum ventilation
into the bed occurs under the crest of the wave concurrently with maximum onshore orbital
motion. Likewise maximum flow out of the bed occurs under the trough of the wave concurrently

with maximum offshore orbital motion. It can also be seen that the ratio of {wy/u | is 0(1073).

If equation (7) is correct then it should be possible to use (5) to predict the ventilation at
a depth —z;,, from knowledge of the pressure at a height above the bed equal to 2,. The relation

would be

K sinh[k(b—zp))

Wb(2p) = —I cosh (kzp)cosh (kb) Pi%p

). (an

As the processes discussed are linear, it should be possible to construct the power spectrum for
wy from p using (11). The only parameters in (11) which are not fixed by either the wave fre-
quency or fluid properties are the bed permeability K and the bed thickness b. However as K is

used in our determination of wy, the only previously unspecified parameter in this problem is b.

Figure S gives the results of such a constriction, The solid line in this figure is the spec-
tra of wy, as calculated from the differential pressure sensor response. The doued line is the
predicted spectra for wy, as calculated from the absolute pressure spectra and a bed thickness of
250 cm. This thickness represents the minimum average sand bed thickness known to occur in

this arca. [t can be seen from the figure that using this depth results in a significant under

8
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prediction of ventilation. It was found that to best match the pcak of the ventilation spectra, a bed
thickness of 580 cm was required. The predicted spectra using a bed thickness of 580 cm is
shown in the figure as the dashed line and it can be scen that (7) predicts the behavior of ventila-
tion at least over the energetic part of the spectrum. This thickness (580 cm) worked equally as

well for all five runs.

Knowledge of the local sediment cover indicates that 580 cm is an unrealistic estimate
of the sand bed thickness but consideration of the local beach stratigraphy may give an explana-
tion of where this value comes from. It is know that the sand in this bed overlies a cobble layer
about 50 cm thick (Figure 6). If we assume that the sand bed in this region was at its thickest
summer time configuration, a sand thickness of 350 cm is not unreasonable. Add 50 cm of cob-
ble and we have a permeable bed of 400 cm. This is still short of the required 580 ¢cm but it is
suggested that this can be accounted for by considering that the permeability in the cobble layer
is much higher than that in the sand layer. The derivation of (7) assumed a homogeneous perme-
able bed of constant permeability K. 1t is proposed that 580 cm represents an effective bed thick-
ness b,. That is that the two layer bed of sand and cobble "effectively" acts likes a homogeneous

sand bed of permeability K with a thickness of about 580 cm.

4. DISCUSSION

It has been shown that ventilation is present in permeable beds beneath waves and that
it’s behavior can be well predicted by simple linear theory given that the local effective bed depth
is known. It would now be useful to examine what significance this holds for sediment transport

and other nearshore processes.
Conley and Inman [submitted] have shown that, similarly to stcady flow, small boun-
dary normal velocities can strongly affect the bed stress and turbulent boundary layer characteris-

tics of an oscillating flow. They defined a ventilated oscillatory boundary layer as the boundary
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layer arising from a purely sinusoidal bed parallel flow subject to a much smaller bed normal flow
which was also varying sinusoidally with the same period and phase as the larger flow. This is
just the situation suggested by (7). It was shown that the bed stress arising from such a flow when
integrated over a full cycle would result in a net bed stress in the direction of the flow during the
half cycle experiencing flow into the bed. This concept can be better understood by examining
the schematic of wave driven ventilation in Figure 7. Flow into the bed under the crest of the
wave leads to an enhancement of the bed stress while flow out of the bed leads to a reduction in
the bed stress. The effect of this enhancement and reduction averaged over one wave cycle is 10
produce a net bed stress in the direction of wave advance or an onshore directed net stress. Con-
ley and Inman [submitted] also demonstrated that the magnitude of the normalized net stress was
a function of w/u and that for small values of w/u (w/uS10"3) this relationship could be

approximated by the empirical linear relationship

<T>
TV = _g20x X (12)
<1l > u

where T is bed stress, T¢ is the bed stress without ventilation, < > implies the time average over
one cycle and the subscript v indicates a ventilation related process. Notice that <1t>, is the net

bed stress. Using (9) and (12) we have

<T>, = 420%0 tanh (kb)< |19 | > (13)

A kinematic discussion of sediment transport requires knowledge of the time history of
stress and velocity. This is clear when one considers that even the most basic sediment transpon
models assume that transport is proportional to the product of velocity and stress. However from
a force balance point of view, nect stresses are very imponant in nearshore processes. As dis-
cussed carlicr, the argument here states that in a situation where a sloping bed of sediment is con-
stantly agitated, a steady force must be cxerted in the up-slope direction 1o counter balance the

down-slope force due (0 gravity. The net stress duc to boundary ventilation is one possible

B S




source for just such a force.

Several other mechanisms have been proposed as sources for such a force and it is of
interest here to make a comparison of the importance of some of these mechanisms relative to the
boundary ventilation mechanism. The focus of this discussion will be on the two most com-
monly mentioned mechanisms; namely the net stress arising from velocity asymmetries in the
nonlinear shoaling wave form [e.g. Grant, 1943; Inman and Bagnold, 1963] and the net stress
arising from a sinusoidal oscillatory flow which has a steady boundary current imposed on it as

would be predicted by bottom wind theory [Longuett-Higgins, 1953].

In order to arrive at a net stress, a quadratic stress relation is assumed where the

coefficient of friction ¢y is assumed constant through out the entire cycle. This is represented as
i
1(t)=p-2—u Ofu]. (14)

From this, the net bed stress is seen to be

T—t,
j ulds (15)
t

P

f
_perlt o2
<1:>--§:7 —J;u dr —

where the period —1, <1 <1, represents the portion of the wave period T over which velocity u is

positive.

To represent a shoaling gravity wave, we use the third order Stokes wave as expressed in

Koh and Le Mchaute {1966]. The wave orbital velocity at the bed is

u(t)=

=~la

3
Y. nsycos [n (kx—ct)] (16)
n=1

where s, are constants determined from @, & and A and listed in Koh and Le Mchaute [1966]. It
should be remembered that the ratio of 5,,/s,_; is O (€) where € = ak «1. The technique used

to detcrmine I, was to sct (16) equal to 0 and solve to order €2, This gives
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1 ) [sint®kh 1 sinh’kh
= — S +-- - 17
2 - cos { oc2 5 e a7
Substituting (16) into (15) results in
2 6 §
<= TSr Eo(41,-T) ’E‘] ncsm(n ) (18)

Eo = 5T +455 4953

E) =45152+125,53

&y =si+65,53
where: &3 =455,

£y =453 + 65,53

&5 = 125353

£ = 953
Here 1, is calculated as described above.

For the net bed stress due to bottom wind, we model the near bed velocity as
u(t) = Uycos (kx—Gt) + <u >p, (19)

The first term on the right is the near bed velocity from linear wave theory (8) where
Uy, = aG/sinh{kh) is the maximum near bed orbital velocity. The second term, <u >, is the
steady streaming velocity just outside the boundary layer, the "bottom wind” and is known to
consist of a Eularian and a Lagrangian component [Batchclor, 1985]. As we are discussing a
force balance at a fixed point, the component of intercst is the Eularian term which is
(3/4)a*kc/sinh?(kh). This result comes from calculations for a laminar boundary layer and
laboratory experiments indicate that the value for turbulent boundary layers is less. Bijker et al
{1974] repon that <u >, for turbulent flows is about 0.4 times the prediction from laminar
theory. Therefore, for this work the value used will be

atko

~4x0 (20)
sinh®(kh)

<u>p =03
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The equation for net stress due to buttom wind can be derived using (20), (19) and (15) as well as

the fact that 1, = (1 16)cos™ (~<u >p/u,,). giving

2
<>y = c,%-“nﬂ[[l.+o.18§2 ]sin‘l(O.BCHO.QC\/l.—O.QCZ } @
, . S
where: &= k.

The final calculation involves deriving an expression for the net stress due to ventilation.
Once again we assume a quadratic stress relationship as in (14) and near bed velocity as in (8).

Fvaluating the mean gross stress (< | Tg | >) term in (13), we obtain the expression
<t>, =420 tanh (k) E-cpulo (22)

It is helpful to normalize (22) in order to separate the effects directly related to wave intensity and
those related 1o the ventilation process. This is vrcomplished by nomnalizing by the peak stress
expected without ventilation Tmay. Inspection of (8) and (14) show that T = Cfpu,z,,/2. The

nomualized version of (22) becomes

<>,

= 420-£c tanh (kb) 23)
2v

Tm ax

As can be seen from (23) the net stress due tn ventilation is approximately a linear function of

frequency and permeability.

Figure 8 shows a comparison of the net stress duc to these three generating mechanisms
as a function of grain size for a 60 cm high wave traveling in 300 cm acep water. The nct stress
due to the ventilation is calculated from (23) and (10) directly while the net stress due to the
Stokes wave asymmetry and bottom wind are calculated from simularly normalized form.s of (20)
and (21) respectively. Figure 8a shows the relative strengths of net stress mechanisms fui wave
parameters similar to those present during the data run used to construct Figure 5. It is clear from

this figure that the effects of ventilation are strongly grain size dependent. For fine sand the net
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bed -tress due to the ventilation mechanism appears to be negligible relative to the other two
mechanisms. For medium grain sands around 500 microns, the net stress due to each of the three
mecinanisms is significant and for coarse grain sands and pebbles 1 mm in diamcter or greater, net
stress due to ventilation clcarly dominates. The affect of increasing neriod is shown in Figures 8b
and 8¢. It is seen that ventilation decreases for increasing period but is still a significant factor for

coarse grain sediments.

It is illuminating to consider what is happening when the grain size or wave frequency
are altered. Comparing (23) and (9), we see that changes in <t>, come from changes in w/u.
While linear theory indicates that changing the grain size (permeability) and frequency are the
only means to change w/u, any other process which increases this ratio will result in increased
importance of this phenomenon. One such mechanism could be the stressing of the sediment bed
by the wave orbital motion. The bed dilates as it is stressed by the orbital motion, and this dila-
2'on leads to increased pore size. This increased pore size results in increased permeability and
therefore increased ventilation. Maximum stressing of the bed occurs simultaneously with max-
unum ventilation. Any experiment such as this one where permeability is measured indepen-

dently, would not detect this effect.

This limited study indicates that for fine sand the net stress due « vernrilation is less
significant than that due to bottom wind and wave form. However, this does not mean that the
affects of ventilation are negligible in crosshore transport. Conley and Inman [submitted} nave
shown that another of the effects of ventilation is a disruption in the development of turbulence in
the oscillatory boundarv layer. Their results indicate that during suction (flow into the bed), tur-
bulence is drawn closer tc the bed and maintained in a compact layer near the bed. During injec-
tion {flow out of the bed) turbulence extends much higher into the fluid bui is pushed anay from
the bed so that the near bed turbulence levels are reduced. Clearly such a difference in the
development of turbulent charucteristics of the boundary layer would be reflected in the sediment

mobilizing and transporting capabilities of the flow. Such a difference may be significant even




for fine grained sands. It is also important to note that the results presented in Conley and Inman

[submitted] were for a smooth and rigid permeable bed. It is not clear how the separate
phenomena identified in this work would interact and reinforce each other in the presence of an
moveable bed. The observation of an asymmetry in the development of fluid-granular boundary
layers discussed in Conley and Inman {1992] occurred in fing grained scdiments. It was shown
that this asymmetry was not due to asymmetries in fluid velocity or acceleration which suggests
that the combined cffects of ventilation are indeed significant, even in fine grained sands.

The analysis in this paper of the relative importance of the net stresses due 10 wave
asymmetry, bottom wind and ventilation assumes that their affects are mutually independent of
cach other. This assumption is questionable as all affects are mutually present in nature and may
well interact in ways which can not be predicted. As an example of a likely interaction, consider
that Longuet-Higgins [1958] points out that the bottom wind results from alicmate boundary
layer thinning under the crest of the wave and thickening under the trough of the wave. The
phase between the vertical velocity associated with this thickening and thinning and the horizon-
tal velocity in the boundary layer gives rise 10 the bottom wind, Conley and Inman {submitted)
have shown that ventilation gives rise to a similar thinning and thickening under the crest and

trough respectively and it is likely that the two affects may be mutually reinforcing.

5. CONCLUSIONS

A ficld experiment designed 1o detect the presence of wave driven ventilation in perme-
able beds was performed. Wave driven ventilation was tested as a possible mechanism for the

maintenance of beach slope and this mechanism was compared against other mechanisms.

t. Utilizing Darcys law, ventilation which is driven by progressive surface gravity waves is

obscrved in the permeable beds undemncath the fluid on which the waves propagate.
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1. Progressive surface gravity wave driven ventilation in the permcable bed bencath the

fluid on which the waves propogate is observed through the utilization of Darcys law.

2. The magnitude of this flow is well predicted by linear theory given that the local effec-
tive bed thickness is known. The effective bed thickness is assumed to relate a homogeneous bed

of constant permeability to the the true local stratigraphy.

3. The net stress arising from ventilation is found to be an important phenomena for shon
period waves and medium to coarse grain beds. This net stress can dominate the stresses arising
from velocity asymmetries in shoaling waves or steady streaming velocities in the bottom boun-

dary layer.
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Figure 1: Schematic showing a wave of amplitude a on a layer of fluid of depth h.
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CcC——
Um
y
u u u u
Um E > —>
<
w
Wo Wo °

Bed

Figure 2- Schematic of bed ventilation predicted by (7). Flow is maximum into the
bed under crest of the wave and maximum out of the bed under the trough

of the wave.




Field Experiment

Ditferential Pressure

/ Sensor

EM Current Meter

.
NN
f S A A, ;
:7“;;/@,"’4’,#{1# s,
L
K 7% ”f"/"' 5
7

Y
e
SN %
%

oo

j";’ & »
B
VAT IS ¥ e
e

X, s
Y
/vj:’;f;é}//.« :

and
Pressure Sensor

e
v 7. 2
o
V1A AR 3
.
/%w//f”?\
L5 7 e
/ i z% ,
M./ Z ’\
s o,

Schematic of the experimental layout. Differential pressure sensor is buried in the sand with pressure port separated

Figure 3

ly above

1rect

he water column d

int

.

he vertical only. Absolute pressure sensor and em current meter are placed

the differential pressure sensor.

It

68




e

69

*I219W JULIND Y] WO} ISIOU SI Uolowl [e1gIo
ays urt wauodwod Asuanbaiy ySiy oy, (1) wouy parens[ed UONERINUIA [BIILAA ST 0B WONOQ pue A1d0JIA [ENGIO
210YSSOID $1 9081 J[PPIU ‘UONIRAJ[S 20k NS BIS Smoys doen doj, wawadxd oyt w01y SIS awn Jo uonaas feardA |,

SANODJ3S
09 0G 0)4 0o¢ 0¢ Ol 0

! 1 i 1 i

4001 —

'y 23y

WP > > > AN A Ao (s/wos00)
< VYV < < < < < NV Joc ‘|9A UOIID|IJUDA

1001
001 -

} | H omlm wo 1D0|9A
oA LA s i

-001
Hdov—

{

/\ AN NI /\ > > > > A wwi?cov UOIIDABS
\< <</\<< << /\/\ oz 20DJINS DBS

-0V




70

10——6 -
10—-7 =
o 10—-8 L
Q
O
N
o™
:>: 10-9 |
K3
o
2
-10 |
c 10 \\
5 ; \
€101 F b W
2 li \
< : \
10712 | f;' \
E \
1013 | ; \
! \
! ] ! | 1 |

00 02 04 06 08 1.0
FREQUENCY (CPS)

Figure 5: Solid line is ventilation spectra as calculated from differential pressure sen-
sor. Dotted and dashed lines represent ventilation spectra predicted from
(11). Dotted line assumes bed thickness of 250 ¢cm and dashed assumes
thickness of 580 cm. Units are in (cm/s)?/cps.
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Figure 7:

Schematic showing the effect of ventilation on oscillatory boundary layers.
Flow into the bed enhances bed stress while flow out of the bed decreases
bed stress. In an otherwise symmetrical oscillatory flow the result is a bed
stress asymmetry which leads to a net stress. The direction of this stress is
in the direction of the orbital velocities experiencing flow into the bed.

e @ e




O
N

NET STRESS

NET STRESS ™~

© o O
o - N

NET STRESS ~~

°© o
- N
H

Figure 8:

73

O
o
1

© O O
N W p
l |

o i |
oy il

o
1
|
|
||

o o
o_, O
[N @]
|
N
<

o o
W b
| I

o
i

N
9

o o
> O
T

- |

TR

o
N
—

......................................................

e — — e —— ——— —— — —

0.0 L
1072

GRAIN DIAMETER (cm)

Comparisons of net stress arising from various mechanisms as a function of
mean grain diameter. Solid line is net stress due to ventilation calculated
from (23). Dashed line is stress due to bottom wind (21) and the dotted line
is stress from a third order stokes wave (18). All values are normalized by
(pcjazcz/[2sinh2(kh)1). 8a uses wave parameters representative of field
experiment while b. and c. show the effect of longer period waves.
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